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Summary

Polysaccharides are highly abundant and due to the large variation in chemical compositions, they possess
a range of intrinsic properties, biological functions, and industrial applications. In the context of block
copolymers, polysaccharide-containing structures are attracting increasing interest since they also serve as
more sustainable alternatives to copolymers exclusively composed of synthetic polymers. Block
polysaccharides represent a new class of engineered block polymers, exclusively composed of terminally
linked oligo- or polysaccharides. Terminal coupling of blocks will, in contrast to the traditional lateral
substitution, retain the intrinsic polysaccharide properties, as it does not perturbate the chain structure. Such
block polysaccharides can be relevant for a wide range of applications in e.g. the biomedical and

(bio)material fields.

Chitin is the second most abundant polysaccharide found in nature after cellulose and is the major structural
component of the exoskeleton of crustaceans and insects. Chitin is a water-insoluble high molecular weight
unbranched homopolysaccharide composed of B-1,4-linked N-acetylglucosamine (GIcNAc, A) residues,
whereas its de-N-acetylated derivative, chitosan, has high water-solubility at acidic pH due to the positively
charged amino groups (pKa approx. 6.5) of the glucosamine (GIcN, D) residues. Chitin and chitosan are
particularly interesting in the context of block polysaccharides due to their high abundance,

biocompatibility, biodegradability, self-assembling properties (chitin) and positive charge (chitosan).

In the work of this thesis the terminal activation of chitin and chitosan oligomers by a dioxyamine (O,0’-
1,3-propanediylbishydroxylamine, PDHA) and a dihydrazide (adipic acid dihydrazide, ADH) using
reductive amination with a-picoline borane (PB) as the reductant was studied in detail. In Paper | and
Paper Il the chemistry and kinetics of the reducing end activation of chitooligosaccharides (CHOS) were
investigated. A simple pseudo first order model was introduced to obtain kinetic data which enable
simulation of reactions under different conditions as a tool to develop preparative protocols. Activated

CHOS were also purified and thoroughly characterised.

In contrast to other “click” reagents, oxyamines and hydrazides can react directly with the reducing end
aldehyde of carbohydrates without an intermediate reaction step. PDHA and ADH can therefore serve as
linkers between two polysaccharide blocks for the preparation of AB-type antiparallel block structures. The

attachment of a second block to the free end of the linkers was therefore studied in detail in Paper I1.

Preparation of parallel block polysaccharides or more complex block structures (e.g. ABC-type)
additionally require functionalisation of the non-reducing end (NRE). Only a few and highly polysaccharide

specific NRE functionalisation methods are available. Chitin can, however, be selectively oxidised by



periodate to obtain a dialdehyde in the NRE residue. The aldehydes can subsequently be activated by PDHA
or ADH which enable conjugation of the reducing end of other polysaccharides to the NRE of chitin.
Periodate oxidation and subsequent activation chitin oligomers and the preparation of water-soluble chitin-
based block polymers by end-coupling of chitin oligomers were studied in Paper I11.

DnXA oligomers (X = D or A), prepared by enzymatic degradation of chitosan using chitinase B, and A,M
or D\M oligomers (M = 2,5-anhydro-D-mannose), prepared by nitrous acid depolymerisation of chitosan,
were used in this study. First, activation (amination) of the reducing end by PDHA and ADH was studied.
DnXA oligomers were shown to have very low reactivity towards the linkers as compared to glucose (Glc)
terminated oligomers (obtained from dextran or 3-1,3-glucan), but a notably higher reactivity compared to
CHOS terminating in D residues. The yields and type of conjugates (Schiff bases and/or N-glycosides)
formed with D,XA were highly linker dependent, whereas the kinetics was highly pH dependent (in the pH
range 3.0-5.0). The best compromise between yield and rates was obtained at pH 4.0. A,M and DM
oligomers were in contrast highly reactive towards PDHA and ADH at all pH values and, due to the pending
aldehyde of the M residue, only Schiff bases (oximes and hydrazones, respectively) were formed in high

yields. The kinetics was also independent of the fraction of acetylated residues (Fa) of the oligomers.

PB was introduced as the reducing agent for the reductive amination reactions. This reducing agent has
lower HSE concerns compared to sodium cyanoborohydride (NaCNBHs) and has proven efficient for
reductive amination reactions with carbohydrates. Unreacted A,M and D,M were rapidly reduced by both
PB and NaCNBHs and the reductive amination of these oligomers therefore needs to be performed in two
consecutive steps. The reduction of A,M- or D,M-based conjugates formed with PDHA and ADH was fast
compared to conjugates formed with the other oligomers and clearly fastest at low pH (3.0). Moreover,
hydrazones were faster reduced than oximes. Unreacted D,XA oligomers and oligomers terminating in Glc
residues were in contrast essentially stable towards the reducing agents. Reductive amination of these
oligomers can therefore be performed as conventional one pot. The one pot reductive amination reactions
with D, XA oligomers were however, limited by extremely slow kinetics, especially with ADH. Hence, the
kinetics of these reactions needs to be improved by high concentrations of linkers and PB, higher
temperatures and longer reaction times. The reduction of D,XA-based conjugates by NaCNBHj3 yielded a
different and unidentified type of conjugates, and this reducing agent is therefore not applicable for these

oligomers.

The preparation of chitin- and chitosan-based diblock structures was demonstrated by attaching a second
oligomer block to the free end of the linkers. An increased reactivity for the free end of both linkers was
observed after activation of the first block, which facilitates the use of PDHA and ADH for the preparation

of block polysaccharides. To exploit the particularly high reactivity of the M residues for the preparation
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of diblock structures, A,M and D,M oligomers can be used as the second block. However, to prevent the
rapid reduction of unreacted oligomers, an excess of the activated block is recommended to obtain high
amination yields prior to reduction. Due to the low reactivity observed for CHOS terminating in A or D
residues, such oligomers (e.g. DnXA) should on the other hand be used as the first block for the preparation
of block structures. To improve the kinetics of the diblock formation, an excess of the activated block is
recommended, also for these preparative protocols. However, this approach requires subsequent
purification of the diblocks, and even though gel filtration chromatography was proven useful for the shorter

blocks used in this study, other purification methods need to be considered.

A pH dependent degradation of the M residue was observed for the D,M oligomers during isolation and
purification, but activation of the oligomers prior to isolation preserved the M residue. De-N-acetylation of
AnM-based diblocks was also shown to be an alternative approach for the preparation of chitosan-based

diblock structures.

The low water-solubility of chitin limits its applications. The preparation of water-soluble chitin-based
diblocks was therefore attempted by conjugating water-insoluble A,M oligomers to ADH activated dextran
which is highly water-soluble. The results were inconclusive but suggested that the high reactivity of the
M residue promotes conjugation to the free end of ADH without the dextran block being able to increase
the water-solubility of chitin block. However, very recent (unpublished) results suggest that water-insoluble
AnM can react with PDHA in DMAC/LICI. Hence, this solvent can serve as an alternative for the preparation

of chitin-based diblock structures with longer water-insoluble chitin blocks.

The vicinal diol in the NRE residue of A,M oligomers can be selectively oxidised by periodate to form a
dialdehyde. The subsequent activation of oxidised A,M by PDHA and ADH revealed a high reactivity of
both these aldehydes towards the linkers and the reactivity was even higher than for the pending aldehyde
of the M residue. Such oxidised and activated A,M oligomers can serve as precursors for more complex
block polysaccharides (e.g. ABA- or ABC-type). By reacting oxidised A:M oligomers with a sub-
stoichiometric amount of PDHA, a discrete distribution of ‘polymerised’ oligomers was formed. These

chitin-based block polysaccharides were, in contrast to chitins of the same length, water-soluble.
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Symbols and abbreviations

a Degree of scission

A (residue) N-acetylglucosamine, GIcNAc

ADH Adipic acid dihydrazide

AmAC Ammonium acetate

ChiB Chitinase B from Serratia marcescens

CHOS Chitooligosaccharides

D (residue) Glucosamine, GIcN

DP Degree of polymerisation

DP, Number average degree of polymerisation

Fa Fraction of N-acetylated (GIcNAc, A) residues
Fo Fraction of de-N-acetylated (GIcN, D) residues
GFC Gel filtration chromatography

Glc Glucose

GlcN Glucosamine, D residue

GIcNAC N-acetylglucosamine, A residue

HMF 5-hydroxymethyl-2-furfural

HONO Nitrous acid

NaCNBHj3 Sodium cyanoborohydride

NMR Nuclear magnetic resonance

M (residue) 2,5-anhydro-D-mannose

Mn Number average molecular weight

Mw Weight average molecular weight

MS Mass spectrometry

PB a-picoline borane, pic-BH3

PDHA 0,0’-1,3-propanediylbishydroxylamine dihydrochloride
pKa Acid dissociation constant
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INTRODUCTION

1. Introduction

1.1 General background

Theres is a general need for new approaches to utilise abundant biomass and to gradually shift the focus
from synthetic polymers, often obtained from non-renewable and petroleum-based resources, to
biocompatible and biodegradable biopolymers from renewable resources. In this context, polysaccharides
are highly relevant due to the large variation in chemical composition and inherent properties ranging from
water-soluble and flexible to polysaccharides with high viscosity and self-assembling properties.

Lateral modification of polysaccharides has traditionally been used to prepare polysaccharides with a range
of new properties. However, such substitutions or modifications will supress many of the original chain
properties. Terminal linking of polysaccharides to other molecules will in contrast retain their intrinsic
properties and provide new and well-defined architectures. This has been widely studied in the context of
polysaccharide-containing block copolymers, where a range of different polysaccharides have been linked

to synthetic polymers.

Here, we introduce the concept of block polysaccharides, where the block structures are exclusively
composed of terminally linked polysaccharides. Such structures may have potential in e.g. the field of
materials including biomaterials and for different biomedical applications. However, methods to prepare
such structures are necessary to be able to study their properties and applications. As a first step, we have
therefore developed a method for the preparation of block structures exclusively composed of
polysaccharides by terminal coupling of the blocks using bivalent linkers. The coupling strategy was
developed for chitin and chitosan due to their high abundance and relevant intrinsic properties such as
biocompatibility, biodegradability, self-assembling properties (chitin) and tuneable charge (chitosan).

However, we also show that the coupling strategy is versatile and can be used for other polysaccharides.
1.2 Block copolymers

1.2.1 Synthetic block copolymers

Block copolymers, composed of two or more chemically dissimilar and terminally linked synthetical
blocks, have been around for decades providing polymers with new properties®. Their structures can vary
from simple AB-type (Figure 1.1a) to more complex ABA-, (AB)a- or ABC- type block copolymers?. Such
block copolymers are generally prepared by bottom-up techniques, with sequential addition of monomers
which enable fine tuning of properties and provide a good control over molecular weight and
polydispersity®. Most synthetic block copolymers are amphiphilic, commonly composed of a hydrophilic

and a hydrophobic block, which allow them to self-assemble under appropriate conditions®. The self-
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assembly depends on the composition of the copolymer, the relative fraction of blocks and their solubility
in relevant solvents. The self-assembly of AB- or ABC-type block copolymers has attracted considerable
attention due to their potential to form ordered structures with a wide range of morphologies, including
micelles, polymersomes, lamellae and, cylinders with applications in many fields® ®.

Petroleum Boimass
based derived

Mo~ M

b) Polysaccharide containing block copolymers

/\_Q/\E/\o‘%..nm v v

c) Block polysaccharides

000040000000440000044 X v

AB-type block structures

a) Synthetic block copolymers

Figure 1.1: General structure of simple AB-type engineered block polymers and the origin of the blocks
for a) synthetic block copolymers, b) polysaccharide containing block copolymers and c) block
polysaccharides

1.2.2 Polysaccharide-containing block copolymers

Polysaccharide-containing block copolymers (Figure 1.1b) are attracting increasing interest since they
represent more sustainable alternatives to copolymers exclusively composed of synthetic polymers®”. An
emerging number of block copolymers based on polysaccharides with different inherent properties
combined with various synthetic blocks is described in the literature. Examples include polysaccharide-b-
polyethylene glycol (PEG)-based copolymers prepared with either dextran, hyaluronic acid, or chitosan,
hence utilising polysaccharides with different inherent properties® and dextran-based copolymers prepared
with hydrophilic PEG, hydrophobic polystyrene (PS) and thermo responsive poly(N-isopropylacrylamide)®.

Three main routes for the preparation of polysaccharide-containing block copolymers are described in the
literature: Enzymatic polymerisation of the polysaccharide block from a polymeric macroinitiator,
polymerisation of a synthetic block from an end-functionalised polysaccharide block, and end-to-end
coupling of polysaccharides with preformed synthetic blocks’. Even though methods for enzymatic
polymerisation are available for some polysaccharides, such bottom-up techniques are not generally

applicable®. Polymerisation of the synthetic block is also often limited by the conditions where the
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polysaccharide is soluble. Most polysaccharide-containing block copolymers are therefore prepared by end-

to-end coupling of polysaccharides obtained from natural resources with premade synthetic blocks.

Similar to synthetic block structures, polysaccharide-containing block copolymers have been used as
compatibilizers in immiscible polymer blends™ ™, emulsifiers'?, and surfactants®®. There are also several
examples of self-assembling block copolymers prepared with different polysaccharides in the literature” **
16 The assembly of such structures is, however, mostly governed by self-association of the synthetic (often
hydrophobic) block, whereas the hydrophilic polysaccharide block stabilises the assembled polymer core
by forming a stable interphase towards the aqueous phase. Such self-assembled nanostructures can be
highly relevant for biomedical applications. E.g. micelles and polymersomes, prepared from
polysaccharide-containing block copolymers with dextran and hyaluronan, respectively, have shown
potential for delivery of the chemotherapeutic drug doxorubicin” 8, Other polysaccharide-containing block
copolymers for biomedical applications include chitosan-b-PEG block copolymers which formed a
temperature-responsive and injectable hydrogel®®. Polysaccharide-containing hydrogels can have potential
as advanced biomaterials for cell encapsulation, tissue engineering, for localized drug delivery or as
biodegradable competitors to superabsorbent materials®.

The synthetic polymer blocks are, however, not always fully biodegradable and can in some cases be
recognised as foreign materials by the immune system and elicit immune responses®. Even PEG, which
has market approval as a synthetic polymeric therapeutic, has shown drawbacks such as interactions with
the immune system and bioaccumulation®. In addition, some synthetic blocks, such as PS® and
poly(acrylamide)® can form toxic degradation products. Therefore, block copolymers exclusively
composed of natural and non-toxic biopolymers are relevant for improving the current systems involving

synthetic polymers for biomedical applications.

1.2.3 Block polysaccharides

Block polysaccharides represent a new class of engineered block copolymers, exclusively composed of
biomass derived blocks (Figure 1.1c). The large variation in structural composition, functional groups and
linkages between sugar residues among polysaccharides, can enable the preparation of complex block
polysaccharides with tailor-made properties for e.g. biomedical and industrial applications. Polysaccharides
with intrinsic self-assembling properties (e.g. chitin, cellulose and B-1,3-glucans) or pH-dependent
properties (e.g. chitosan, alginate, hyaluronan) can be relevant for the preparation of self-assembling
nanostructures exclusively based on polysaccharides. The end-to-end coupling of polysaccharides through
their reducing ends provides block structures with antiparallel chains. Coupling of the reducing end of one
polysaccharide to the non-reducing end of another block or enzymatic polymerisation of the blocks will in

contrast provide structures with parallel chains.
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There are, to the best of our knowledge, only a few examples of block structures exclusively composed of
oligo- or polysaccharides described in the literature. The examples include a few amphiphilic AB-type
block structures prepared by end-to-end coupling of an unmodified saccharide block and a hydrophobic
block obtained by lateral modification of the same saccharide, either through acetylation or acetalation of
the block backbone?*?, Even though a pH-responsive amphoteric block polysaccharide has been prepared
using chemoenzymatic methods?’ this approach is less attractive than end-to-end coupling of blocks due to

the lack of generality of the method and the need for new approaches to utilise already existing biomass.
1.3 End functionalisation of polysaccharides and block coupling strategies

1.3.1 Reducing end functionalisation of polysaccharides

The naturally occurring aldehyde in the open ring form of the reducing end (RE) residue of polysaccharides
enables reactions with different nucleophiles such as amines. Reductive amination is therefore the
dominating method for RE functionalisation of polysaccharides and has widely been used to introduce
reactive groups for further modification, e.g. amine functionalised “click” reagents, or for direct conjugation
to amine bearing compounds’. Other reducing end functionalisation methods include the conversion to a 1-
glycosyl bromide by reaction with HBr? 2° which has been used to prepare monohydroxy-terminated
cellulose esters, and solvolysis used for the preparation of trimethyl cellulose functionalised with -
unsaturated alcohol®. Lactonization of the reducing end residue of dextrans has also been shown to increase
their reactivity towards amines" 3. Another reducing end functionalisation method, specific to chitosan, is
the nitrous acid depolymerisation which forms chitooligosaccharides with a 2,5-anhydro-D-mannose (M)
residue at the reducing end (introduced in detail in chapter 1.6.2.3)%, The pending aldehyde of the M residue

is highly reactive towards amines as demonstrated by the preparation of self-branched chitosans®.

1.3.2 Non-reducing end functionalisation of polysaccharides

Selective functionalisation of the non-reducing end (NRE) of oligo- and polysaccharides is less straight
forward. However, some polysaccharide specific methods have been developed. Polysaccharides which
only have one pair of vicinal diols (or closely related structures) in the NRE residue, can be selectively
oxidised by periodate to obtain a dialdehyde. Such polysaccharides include unbranched 1,3-linked glucans
and chitin. Recently, a selective functionalisation method for the NRE of unbranched dextrans was
developed®, taking advantage of the C6 OH-group which is the only primary alcohol in the polysaccharide.
N-bromosuccinimide bromination of this OH-group provides a reactive site which can react with amines in
a selective displacement reaction with bromide as the leaving group®. In addition, lyase- or alkali
degradation of 1,4-linked uronides (such as alginate, hyaluronan, heparin and pectin) can form a carbon-

carbon double bond (C=C) between C4 and C5 in the NRE residue®=, Thiols can react with such
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unsaturated double bonds e.g. through thiol-Michael addition®® which has been demonstrated for fluorescent
labelling of the NRE of heparin®.

1.3.3 Block coupling strategies

“Click” reactions are widely used for various lateral and terminal polysaccharide modifications®. The
concept of “click” chemistry was first introduced by Sharpless and his co-workers® and to qualify as
“click”, reactions should be stereospecific, generate only inoffensive and easily removable by-products,
give high yields under simple reaction conditions and be easy to perform®. This is obtained by orthogonal
reactions i.e. direct conjugation of moieties with complementary reactivities without involving or being

affected by other functional groups.

Various “clickable” chemical groups, such as azide, alkyne, thiol, or alkene (Figure 1.2a-d), can be
introduced to the reducing end of polysaccharides by reductive amination. Hence, block polysaccharides
can in theory be prepared by direct coupling of blocks functionalised with complementary “click”
reactivities through e.g. copper (Cu)-catalysed azide-alkyne cycloaddition (shown in brief in Figure 1.2a
and b) or radical-initiated thiol-ene reaction (shown in brief in Figure 1.2c and d).

Even though these “click” reactions are known to be highly specific and quantitative, the radical induced
thiol-ene click reaction has shown limitations for longer (synthetic) blocks*, and the Cu-catalyst has been
shown to induce oxidative chain clevage of polysaccharides™ . Cu can also to be difficult to fully remove
and traces can remain in the purified product 2. This is an issue for biological and biomedical applications
since Cu can be toxic to cells and organisms in micromolar concentratons?. Amino-containing
polysaccharides (e.g. chitosans) also have a tendency to chelate heavy metals, which makes the removal of
Cu ions even more laborious®. Other “click” reactions such as strain promoted (Cu-free) azide-alkyne
cycloaddition®®, thiol-Michael addition, Diels-Alder reactions, or thiol exchange reactions may serve as
alternative coupling strategies®®. However, in the context of block polysaccharides, all these “click”
reactions require terminal functionalisation of the blocks prior to coupling, and to our knowledge, only thiol
exchange® and Cu-catalysed azide-alkyne cycloaddition?® 2 25 2 have been used for the preparation of
block oligo- or polysaccharides.
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Figure 1.2: Reducing end functionalisation of carbohydrates with various “clickable” groups by
reductive amination: a) azide, b) alkyne, c) thiol and d) alkene, and the subsequent attachment of a second
block (Rz) functionalised with a complementary reactivity (alkyne, azide, alkene and thiol, respectively).
Direct coupling of a e) oxyamine or f) hydrazide functionalised block (R:) to the reducing end of
carbohydrates by reductive amination. The general structure of the reducing end residue is illustrated by
a D-glucopyranose monomer for all reactions.

Oxime “click” reactions were introduced by Novoa-Carballal and Miller for the preparation of
polysaccharide-containing block copolymers®. In contrast to other “click” reactions, oxyamine
functionalised PEG was reacted directly with the reducing end residues, without initial functionalisation of
the polysaccharide blocks. The oxime click reaction was performed under mild conditions without the use
of a metal catalyst or radicals and the oxime conjugates were sufficiently stable for pharmaceutical
applications®. Subsequent reduction of the oxime provides stable secondary amine conjugates. Hence,
reductive amination reactions with oximes can be highly relevant for covalent coupling of polysaccharides

to form block structures.
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1.3.4 Our block coupling strategy

Both oxyamines (NH2-O-, Figure 1.2e) and hydrazides (NH.-NH-(CO)-, Figure 1.2f) have higher
nucleophilicities than amines™ and these amine derivatives have been shown to efficiently react with the
reducing end aldehyde of carbohydrates® “**, With this in mind, bivalent oxyamines or hydrazides
(dioxyamines or dihydrazides) can serve as linkers between two polysaccharides for the preparation of
antiparallel block structures. Activation of one polysaccharide block by such bivalent molecules and the
subsequent attachment of a second polysaccharide block to the free end (Figure 1.3a) requires less steps

than other “click” reactions where both ends need to be functionalised prior to coupling.

More complex block polysaccharides, such as ABA- or ABC-types, additionally require reactions at the
NRE. As discussed above, only a few and highly polysaccharide specific non-reducing end
functionalisation methods are described in the literature. However, by obtaining aldehydes in the non-
reducing end residues of polysaccharides, e.g. by periodate oxidation of chitin or B-1,3-glucan, dioxyamine
and dihydrazide linkers may also be relevant for the preparation of ABA or ABC triblock polysaccharides

with both parallel and antiparallel blocks (Figure 1.3b).

In this study we introduce the use of adipic acid dihydrazide (ADH, Figure 1.3c) and O,0'-1,3-
propanediylbishydroxylamine (PDHA, Figure 1.3d) as such bivalent linkers for the preparation of block
polysaccharides. Both these linkers are commercially available. However, other bi- and multi-functional
oxyamine and hydrazide linkers can be prepared with shorter or longer hydrocarbon (—(CHz).—) spacers

between the functional groups.
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Figure 1.3: a) Preparation of antiparallel AB-type diblock polysaccharides by activation of the reducing
end of Block I with a bivalent linker and subsequent attachment of Block Il to the free end of the linker.
b) Preparation of ABC-type triblock polysaccharides by non-reducing end (NRE) functionalisation of
one of the blocks followed by activation, as in a), and subsequent attachment of Block 111 to the free end
of the linker resulting in structures composed of both antiparallel and parallel chains. Chemical structure
of the bivalent linkers c) adipic acid dihydrazide (ADH) and d) 1,3-propanediylbishydroxylamine
(PDHA).

2

1.4 Reductive amination

Reductive amination is a two-step condensation reaction between an amine derivative and a carbony! group

to form a Schiff base which is subsequently reduced to a stable secondary amine (Figure 1.4).

o + OH* H,O Ry Reducing agent R,
A0 s U+ RNy e J=N—Rs ——=  —NH-Rs
R4 Ra R4 Ry R R
2 2
Carbonyl group Amine derivative Schiff base Secondary amine

Figure 1.4: General mechanism for the reductive amination reaction.
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1.4.1 Reductive amination of carbohydrates

Reductive amination is widely used for labelling and functionalisation of carbohydrates due to the native
aldehyde of the reducing end residue*®>, However, due to the low amount of free aldehyde at equilibrium
compared to the cyclic hemiacetal forms (o and B)** %, reductive amination of carbohydrates is strictly
dependent on acid catalysis®. Sun et al. have described a model for predicting optimal conditions for
reactions between amine derivatives and carbohydrates by reductive amination based on the influence of
temperature, pK, of the amine derivative and pH on the reaction rate and yield®. Low pH promotes
protonation of the carbonyl oxygen which makes the carbonyl carbon more susceptible towards
nucleophilic attack and increases the reaction rate. The pH should, however, be above the pK, of the amine
derivative as the unshared electron pair makes the amine group reactive. Hence, low pH above the pK, of

the amine derivative will give the highest amination rates®*.

Conventional one-pot reductive amination reactions require reducing agents which selectively reduces
Schiff bases over aldehydes and ketones. Sodium cyanoborohydride (NaCNBHj3) is a commonly used
reducing agent for such reactions, but selective Schiff base reduction is only obtained at neutral pH whereas
reduction of aldehydes and ketones is favoured at low pH (3-4)%. Hence, the need for acid catalysis for
reactions with carbohydrates limits the use of NaCNBHj3 in one pot reductive amination protocols. Another
major drawback with the use of NaCNBH3 is the formation of volatile and toxic hydrogen cyanide (HCN)
upon hydrolysis which limits its applicability in the context of green chemistry, especially in industry.
Alternative reducing agents such as sodium triacetoxyborohydride (NaBH(OAC)3)*® and pyridine borane
(pyr-BH3)®" have shown similar Schiff base selectivity and reducing efficacy, but are limited by solvent
specificity and low stability, respectively®®. a-picoline borane (PB) has in contrast been introduced as a
cheap, a non-toxic and commercially available alternative to NaCNBHjz for the reductive amination of
carbohydrates with equal or even better reducing efficacy ° 5% % Reductive amination with PB has also
been shown to be highly efficient in water, even though its generally accepted that strict anhydrous
conditions are favourable for reductive amination and other dehydration reactions®®. This is advantageous

for reactions with carbohydrates, most of which are highly water-soluble®.

Due to the low nucleophilicity of primary amines and the reduced reactivity of the masked aldehyde of the
reducing end residue, aniline can be used as a catalyst for the reductive amination of carbohydrates®.

Aniline can, however, give side products® % and its toxicity may rise HSE concerns.

Both acyclic (Schiff bases) and cyclic (N-glycosides i.e. N-pyranosides and N-furanosides) conjugates can
be formed upon reaction of amine derivatives with the reducing end of carbohydrates (Figure 1.5). The
relative distribution of conjugates depends on the nature of the reducing end and the chemistry of the amine

derivative®.
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Oxyamines and hydrazides have higher nucleophilicities as compared to amines* and have therefore been
introduced for the functionalisation of the reducing end of carbohydrates. Their low basicity (low pKa)
allows them to conjugate to carbohydrates under acidic conditions and the resulting Schiff bases (oximes
and hydrazones) have shown increased hydrolytic stability as compared to Schiff bases formed with amines
(imines)®. Oxyamines tend to form acyclic oximes with carbohydrates, both in the (E)- and (2)-
configuration, in equilibrium with cyclic N-glycosides*. Hydrazides, on the other hand, predominantly
form N-glycosides when conjugated to carbohydrates under acidic conditions®® %. The subsequent
reduction of conjugates to form stable secondary amines depends on the distribution of conjugates due to

the sluggish (i.e. rate limiting) conversion from cyclic to reducible acyclic Schiff bases*.

CH20OH CH20OH H,NR CHo0OH Reduction CH20H 5
HO OH HO ) HO N ~
oH OH OH R OH R
Schiff base

(E)- and (Z)-imine/oximefhydrazone

7N\

CH,0H CHOHCH,0H
HO% H o NHR
HO N—gr
OH
OH
a- and B-N-pyranoside a- and B-N-furanoside

Figure 1.5: Reaction of the free aldehyde at the reducing end of carbohydrates with amine derivatives
(H2NR) and the subsequent reduction of the Schiff bases to form stable secondary amines. D-
glucopyranose is here shown as example. Based on Ramsay et al.*°.,

1.4.2 Kinetic modelling of reductive amination reactions with carbohydrates

Reaction modelling is a powerful tool to simulate reactions and to predict the effects of different conditions
(e.g. concentrations of reactants). In the work of this thesis we introduce the use of reaction modelling to
obtain kinetic data for the reductive amination reactions as a tool to develop preparative protocols and to
compare the reactivity of different carbohydrates towards oxyamines and hydrazides under the same

conditions or the reactivity of the same carbohydrates under different conditions (e.g. variations in pH).

Reductive amination reactions with carbohydrates are complex reactions comprised of several individual
reaction steps with independent rates and rate constants (Figure 1.5). The overall reaction with amines,
oxyamines or hydrazides involves amination of the carbohydrate, where E- and Z-imines, oximes, or
hydrazones (Schiff bases) are formed, respectively. For carbohydrate reducing ends where the aldehyde is
in equilibrium with a hemiacetal, the acyclic Schiff bases are in equilibrium with cyclic N-glycosides (N-
pyranosides or N-furanosides). The Schiff bases are irreversibly reduced to stable secondary amine

conjugates upon addition of reducing agent. Irreversible reduction of the carbohydrates by the reducing
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agent will, however, prevent the reductive amination reaction from going to completion. The general
reaction scheme for the reductive amination of carbohydrates is shown in Figure 1.6, however, simplified

with only one cyclic N-glycoside conjugate in equilibrium with the acyclic E- and Z-conjugates.

A: Carbohydrate
B: Amine/oxyamine/hydrazone

* <
A A+B Z: Z-imine/oxime/hydrazone

N: N-glycoside
S: Secondary amine
lks A*: Reduced carbohydrate

/ \. E E—ei?nl:gf/r;;ime/hyd razone
-

Figure 1.6: General reaction scheme for the reductive amination of carbohydrates including assigned
rate constants for each independent reaction step involved. Reversible reactions are described by two rate
constants (forward and reverse), whereas irreversible reactions are described by one rate constant. For
simplification, the reaction scheme assumes one cyclic product (N-glycoside) formed from both E- and
Z- amines/oxyamines/hydrazones and the same rate constant for the reduction of E- and Z- to secondary

amines (Ks).

When considering such reactions to be first order with respect to each reactant (abbreviations from Figure

1.6), reaction rates can be determined by the following equations

%z Ky [ATIB] + ko [E] = ko[AlIB] + k_o[Z] — kelAl[R] (Eq. 1)
% = —ky[A][B] + k_,[E] — k,[A][B] + k_,[Z] (Eq.2)
A o IB1URI ~ kL21R) — K A1IR) (Eq.3)

% = kq[Al[B] = k_1[E] = k3[E] + k_3[N] — ks[E][R] (Eq-4)
% = ky[Al[B] = k_2[Z] — kalZ] + k_4[N] = ks[Z][R] (Eq.5)
% = ka[E] — k_3[N] + ku[Z] — k_4,[N] (Eq.6)

11
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d[A*]
dt

= ke[A][R] (Eq.7)

—— = ks[Z][R] + ks[E][R] (Eq.8)

The concentration of each reactant or product at specific time points, [X]:, can be obtained from the reaction

rates by the following equation

dlX
(X1 = [X]ear + %At (Eq.9)

where, t is the time, and At is the time difference from last modelled time point. Numeric modelling of such
reactions can be performed by substituting differentials of the type d[X]/dt with A[X]/At. From starting
concentrations [Alo, [B]o etc, the concentrations at successive time increments ti+1 = tj + At can inductively

be calculated as

ALX],
Xl = 001 + (S (Eq.10)

The pseudo first order kinetic model can be fitted to the experimental data by adjusting the rate constants
(kx and k). All reaction modelling presented in the work of this thesis was carried out using this numeric
approach in Excel. The time interval (At) was chosen sufficiently small to result in a simulation which did
not further change when choosing an even smaller time interval. The model was fitted to experimental data

by adjusting the rate constants to give the minimum sum of squares.

Modelling of reductive amination reactions with carbohydrates can be challenging due to the large number
of individual reactions which need to be considered. To simplify the reaction modelling, amination products
(E-/Z-amines/oximes/hydrazones and cyclic N-glycosides) can be treated as one product. The reduction can
also be modelled separately by obtaining data for the reduction after the formation of amination products.
An example of the pseudo first order kinetic model fitted to experimental data obtained for the reaction of
glucose (Glc) with an oxyamine (PDHA) without reducing agent is given in Figure 1.7. Here, the formation

of E-oximes (E), Z-oximes (Z) and N-glycosides (in this case B-N-pyranosides, N) was modelled separately.

12
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Figure 1.7: Example of the pseudo first order model fitted to experimental data (concentrations in
mM over time) obtained in the reaction of glucose (Glc) with an oxyamine (PDHA). E: E-oximes, Z:
Z-oximes, N: N-glucosides (in this case p-N-pyranosides).

1.5 Periodate oxidation

Periodate oxidation was traditionally used for structure determination of complex carbohydrates by the
well-known Smith degradation®. In more recent years, periodate oxidation has more commonly been used
for physical modification of polysaccharides by providing e.g. chain extension, flexibility, and hydrolytic
lability, or for chemical modification by functionalising of oxidised residues through aldehyde-based
reactions®®.

The periodate ion (104" oxidise vicinal diols or closely related structures such as 2-hydroxylaldehydes, 1,2-
dicarbonyl compounds, and a-hydroxy and a-keto acids or a-amino alcohols to dialdehydes®. The vicinal
diols (or closely related structures) must be oriented in an equatorial-equatorial or axial-equatorial position
for the oxidation to occur®. 1,4-linked glucans have one pair of vicinal diols prone to oxidation in every
glucose residue along the polysaccharide backbone (Figure 1.8a). The ability to be oxidised for other

polysaccharides is limited by modification of the OH groups and linkage geometry. E.g. 1,3-linkages will
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render glucose residues along glucan chains resistant to periodate oxidation (Figure 1.8b). The residues of
1,6-linked glucans (Figure 1.8c) have three consecutive OH-groups which will result in a double oxidation
of the residue and the release of formic acid. The dialdehydes formed after periodate oxidation can readily
form inter- or intra-residue hemiacetals®” which are acid stable and difficult to structurally elucidate®®.

CH0H CH0H
a) (¢] —_— (¢
HO -0 Oneeee
T OH / \
g e}
104
CHOH
HO —_—
b) .-0 O
OH
I )

10, ~NH;
CHOH
(o]
e) HO O
NHAc
CHOH CHOH
HO oy ON
P o o o
NHAc NHAC

Figure 1.8: The impact of the periodate ion (1047 on a) 1,4-linked glucose residues (oxidation), b) 1,3-
linked glucose residues (no oxidation) c) 1,6-linked glucose residues (double oxidation with the release
of formic acid) d) 1,4-linked glucosamine residues (oxidation with the release of ammonia) €) 1,4-linked
N-acetylglucosamine residues (no oxidation) f) the non-reducing end residue of 1,4-linked N-
acetylglucosamine residues (oxidation).

The B-1,4-linked glucosamine residues of chitosan are prone to oxidation by periodate due to the amino
group of C2 (a-amino alcohol). Nitrogen is released as ammonia upon oxidation (Figure 1.8d), which can
be detected and quantified as a measure of the degree of oxidation®. Depolymerisation of chitosan has been

shown to occur concomitantly with the oxidation which exposes new periodate consuming end residues.
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The rate of both oxidation and depolymerisation and hence, the extent of overoxidation, is reduced with
higher Fa%. Internal p-1,4-linked N-acetylglucosamine resides are, in contrast to glucosamine residues,
resistant to periodate oxidation (Figure 1.8e), whereas non-reducing end residues are prone to oxidation by
periodate due to the vicinal diol (Figure 1.8f). Periodate oxidation can therefore serve as a selective non-
reducing end functionalisation method for fully N-acetylated chitin oligomers®®.

1.6 Chitin and chitosan

Chitin is the second most abundant polysaccharide found in nature after cellulose. It occurs mainly as a
structural component in the cell walls of yeast and fungi, and in the exoskeleton of crustaceans and insects™.
Chitosan is less commonly found naturally in nature, but has been isolated from the mycelia of the fungus
Mucor rouxii’™ 7. Chitin is available in large quantities as a by-product from the seafood processing

industry”™ and chitosan is commonly obtained from chitin by partial de-N-acetylation.

1.6.1 Structure and chemical properties

Chitin is a high molecular weight unbranched homopolysaccharide composed of B-1,4-linked N-
acetylglucosamine (GIcNAc, A) residues (Figure 1.9). Chitin resembles cellulose both in its chemical
structure, being a cellulose derivative with an acetamido group at C2, and in its biological function as a
structural polysaccharide™. There are two main allomorphs of chitin: o and . a-chitin, where the polymer
chains are arranged in an antiparallel manner and packed densely by intra- and intermolecular hydrogen
bonds, is the most abundant form. B-chitin is composed of less tightly packed parallel chains and is less
abundant in nature but has been found in e.g. squid pens™. Due to its crystallinity and low water-solubility,
chitin has few applications other than serving as a raw material for the preparation of chitosan,

chitooligosaccharides and glucosamine.

Partial de-N-acetylation of chitin provides chitosan with varying amounts of glucosamine (GIcN, D)
residues, and chitosans are commonly described by the fraction of residual A residues (Fa) following de-
N-acetylation (Figure 1.9)™. The distribution of A and D residues after homogenous de-N-acetylation of
chitin is random, whereas heterogenous de-N-acetylation, where chitin remains insoluble, leads to the
formation of a chitin fraction with high Fa and a chitosan fraction with low Fa™ ™. Due to the free amino
group of the D residues in chitosan, this polysaccharide has a polycationic character when pH < pK,with
an expanded structure due to the electrostatic repulsion between charged residues which gives chitosan a
rather high intrinsic viscosity. Chitosan is in fact the only pseudo-natural polycationic polysaccharide which
can be isolated from biomass. The pKa of chitosans is approximately 6.5 and has been shown to be
independent of their composition (Fa)®. The solubility of chitosans depends on their Fa, pH, ionic strength

and molecular weight (chain length). High molecular weight chitosans with low Fa (between 0 and 0.2) are
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only soluble in aqueous solutions at low pH, and precipitates when pH approaches pK,'’. In contrast,
chitosans with Fa between 0.4 and 0.6 are also soluble at neutral pH, due to the decreased possibility of

aligning neutral polymer chains with higher amount of A residues’™ ™.
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Figure 1.9: The chemical structure of chitin, a homopolymer composed of B-1,4-linked N-
acetylglucosamine (GIcNAc, A) residues, and its partially de-N-acetylated derivative, chitosan, a
heteropolymer composed of $-1,4-linked N-acetylglucosamine and glucosamine (GIcN, D) residues.

1.6.2 Preparation of chitooligosaccharides (CHOS)

Chitooligosaccharides (CHOS) are homo or heterooligomers of glucosamine and/or N-acetylglucosamine
residues prepared by either chemical or enzymatic depolymerisation of chitosan. Their composition (Fa),
degree of polymerisation (DP), and sequence (pattern of acetylation) depend on the degradation method,

conditions, and the composition of the degraded chitosan.

1.6.2.1 Acid hydrolysis

CHOS can be prepared by common acid hydrolysis, typically using dilute or concentrated hydrochloric
acid (HCI). A-A and A-D glycosidic linkages are cleaved with an equal rate and three orders of magnitude
faster than D-A and D-D linkages in concentrated HCI, and the hydrolysis rate therefore depends on the Fa
of the degraded chitosan™. The low water content of concentrated HCI also prevents hydrolysis of the N-
acetyl linkage, whereas the rate of de-N-acetylation is equal to the rate of hydrolysis of glycosidic linkages
in dilute acid. This is assumingly due to the fact that the de-N-acetylation is a Sn2 reaction where addition

of water to the carbonium ion is the rate-limiting step, whereas hydrolysis of the glycosidic linkages is a
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Sn1 reaction where the formation of the carbonium ion is the rate-limiting step™ . Hence, the degree of
scission (a), the number average degree of polymerisation (DPy) and Fa of the resulting CHOS depend on
the acid concentration. However, due to the random distribution of A and D residues in chitosans™ the
sequence of the oligomers cannot be predetermined by this degradation method.

1.6.2.2 Enzymatic hydrolysis
Enzymatic degradation using glycoside hydrolases such as e.g. chitinases or chitosanases is another
common method for preparation of CHOS. The Fa, sequence and DP, of the resulting CHOS mixture

depend on the chitosan substrate and the specificity of the enzyme used®.

Subsites in the active site of glycoside hydrolases are labelled from -n to +n, where n is an integer depending
on the number of subsites. -n represent subsites where sugar residues of the new reducing end formed after
cleavage are attached, whereas +n represents subsites for binding of residues which will be at the non-
reducing end of a new sugar chain after cleavage. The hydrolysis of the glycosidic linkage takes place

between the -1 and +1 subsites®?.

Chitinase B (ChiB, EC 3.2.1.14) from Serratia marcescens is a family 18 chitinase. This exoenzyme
hydrolyse chitosan processively (without releasing the substrate) from the non-reducing end. The active
site of ChiB has six sugar-binding subsites, labelled from -3 to +3. The -1 subsite has an absolute specificity
for A residues® as the carbonyl oxygen from the N-acetyl group of the A residue catalyse the hydrolysis
reaction by acting as a nucleophile in the formation of an oxazolinium ion intermediate®!. The -2 subsite
also have a strong but less stringent specificity for A residues. Hence, the degradation is described by
biphasic kinetics, where the fast phase is dominated by the cleavage on the reducing side of oligomers with
A residues occupying both the -1 and -2 subsite of the active site, while the slower phase reflects the
cleavage on the reducing side of oligomers with one A residue and one D residue occupying the -1 and -2
subsite, respectively®. CHOS prepared using ChiB will for this reason always have A reducing end
residues. Depending on the Fa of the degraded chitosan and the time of action for the enzyme (extent of
degradation), CHOS with predetermined Fa and sequence can be prepared. E.g. complete degradation (long
degradation time) of a chitosan with low Fa using ChiB will only produce D,XA oligomers, where D is a
homogenous sequence of D residues and X is either a D or an A residue.

1.6.2.3 Nitrous acid depolymerisation of chitosan

Nitrous acid (HONO) depolymerisation of chitosan is a commonly used method for the preparation of
CHOS with a 2,5-anhydro-D-mannose (M) residue at the reducing end. The nitrous acid only affects the D
residues of chitosan which are converted to M residues by deamination, whereas A residues remain
unaffected. The reaction is first order with respect to concentration of HONO and D residues and one mole
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of HONO is consumed per deamination subsequently followed by chain scission. The rate of
depolymerisation is independent of the molecular weight of chitosan, and the degree of scission (o) is
therefore only dependent of the fraction of D residues (Fo = 1-Fa) and the concentration of HONO® . The
nitrous acid depolymerisation is well known, cheap, fast, homogenous and easy to control and therefore
offers several advantages over enzymatic degradation and hydrolysis by other acids®.

The mechanism for the nitrous acid depolymerisation was first proposed by Peat®” and later reviewed by
others®, The first step of the depolymerisation mechanism (Figure 1.10, Main) is protonation of the
nitrous acid to form an acidium ion (NH.0,") which attacks the amino group of a D residue and forms an
unstable N-nitrosamine. Subsequent rearrangement of the N-nitrosamine and the release of water results in
an unstable diazonium ion. The release of nitrogen by heterolysis results in the formation of a high-energy
carbonium ion which is attacked by the ring oxygen. This leads to the formation of a furanose with a pending
aldehyde at C1 of the ring, simultaneous as the glycosidic linkage is broken, resulting in a M residue at the
new reducing end®*°. An alternative mechanism, where C4 of the ring attacks the carbonium ion, has also
been suggested in the literature®™ ®2. This alternative deamination mechanism results in the formation of a
furanose residue with the pending aldehyde at C2 of the ring but will not, in contrast to the main mechanism,
result in cleavage of the glycosidic linkage (Figure 1.10, Alternative). The glycosidic linkage is, however,
labile to acid hydrolysis after the rearrangement and can be cleaved under conditions which leave ordinary
glycosidic linkages unaffected®®. Hence, oligosaccharides with this alternative M reducing end residue can

in theory be formed but have, to our knowledge, not been reported in the literature.
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Figure 1.10: Mechanism for the nitrous acid (HONO) depolymerisation of chitosan (main) and the

alternative deamination mechanism (alternative) leading to cain scission after subsequent acid

hydrolysis.
According to Allan and Payron® there are no by-products of the nitrous acid depolymerisation, except the
degradation of the M residue which leads to the formation of 5-hydroxymethyl-2-furfural (HMF). HMF is
a common by-product of Millard browning and in the case of chitosan this product can be formed when the
pending aldehyde of the M residue reacts with the unprotonated amino group of a D residue (pH > pKa) to
form a Schiff base. The Schiff base-formation is followed by two acid catalysed eliminations of water and
chain cleavage which results in the formation HMF and a chitooligomer with a normal (A or D) reducing
end residue®. Hence, degradation of the M residue is highly pH dependent. The standard procedure to

prevent the abovementioned degradation is to reduce the M residue to the corresponding 2,5-anhydro-D-
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mannitol by e.g. sodium borohydride (NaBH,)®. Reduction of the pending aldehyde will, however, remove

the reactivity of the M residue for subsequent conjugation reactions.

Nitrous acid depolymerisation of chitosan has previously been used to prepare fully N-acetylated and fully
de-N-acetylated CHOS with M reducing end residues by varying the concentration of nitrous acid and the
Fa of the chitosan®. E.g. fully N-acetylated oligomers with M residues at the reducing end (A,M) can be
prepared using an excess of HONO relative to the Fp. In contrast, fully de-N-acetylated oligomers (DaM)
can be prepared by degrading a chitosan with a low Fa (e.g. Fa < 0.001) using a sub-stoichiometric amount
of HONO. The DP,, of the oligomers can be tuned by the choice of Fa in the first case, and the concentration
of HONO in the latter.

Compared to pyranose reducing end residues of carbohydrates, where the aldehyde is in equilibrium with
the hemiacetal, the pending aldehyde of the M residue is more available for reactions. The high reactivity
of the M residue been exploited to prepare self-branched chitosans® and reducing end functionalised

chitosans as precursors for chitosan-based block copolymers® %3-%,

1.6.3 Applications

Chitin and chitosan are non-toxic, biocompatible, and biodegradable, and have numerous applications in
the fields of agriculture, cosmetics, water treatment, biomedicine, pharmacy, and food and nutrition®.
Applications of chitin are, however, often limited by its low water-solubility. Chitosan, on the other hand
have unique and thoroughly explored properties such as film- and gel-forming ability, antimicrobial
activity, biocompatibility, biodegradability and surface active properties™ %. Chitosan applications are,
however, also limited by its poor solubility under neutral and basic conditions or its high viscosity of high
molecular weight chitosan in dilute acidic solutions®. The use of chitosan also suffers from the inability to
reproduce the composition of the polymer. It is therefore a growing interest towards the use of more defined

CHOS and their derivatives for various applications.

Compared to longer chitosans, CHOS have higher water-solubility and lower viscosity in aqueous
solutions®, Shorter CHOS with low Fa also have higher solubility at neutral pH. COS are known to possess
diverse biological activities such as antifungal, antibacterial, immunoregulatory and antioxidant effects®
% In the context of human health, various medical applications of CHOS have been reported, including
inhibition of tumour growth, vectors for gene delivery, improvement of bone strength, haemostatic agents

in wound-dressings and anti-malaria agents®® 1%,

The biological activities of CHOS are significantly related to their Fa and DP 1%, The preparation of
well-defined CHOS mixtures or single CHOS with specific DP and composition has therefore attracted

20



INTRODUCTION

more attention lately. There are several methods for isolation, purification and characterisation of defined

CHOS® 2, Some of these methods are described in chapter 1.9.
1.7 Dextran

Dextran is a highly flexible and neutral homopolymer composed of a-1,6-linked glucose residues. The
polysaccharide backbone may be branched with a-linked glucose chains from the secondary hydroxyl
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groups in position 2, 3 or 4 of the glucose residues™*. Dextrans are synthesised from sucrose by the enzyme

dextran sucrase in a number of bacteria from the Lactobacilleae family (e.g. Leucononstoc and

Streptococcus) and other microorganisms'®*

and the nature and the degree of branching depends on the
dextran-producing microorganism'®. Dextrans can also be synthesised from maltodextrins by the enzyme

dextran dextrinase found in certain Gluconobacter strains'®.

Industrial biosynthesis of dextran is commonly performed using Leucononstoc mesenteroides which
produce high molecular dextran with low antigenicity and low degree of branching®®® %, The low degree
of branching and hence, high percentage of a-1,6-linkages (95%) is advantageous for clinical applications
of dextrans since enzymes in the human body only can slowly hydrolyse such linkages in contrast to e.g.
a-1,4-linkages which are rapidly hydrolysed by human a-amylases. The low antigenicity prevents dextran

from being recognised by antibodies generated as a result of the immune response to a foreign substance'®.

Initially, dextran was introduced for clinical use as a plasma volume expander'® 2, |_ately, numerous other
applications of dextrans and dextran derivatives are described in the literature e.g. as additives in food and

cosmetics, and for various biomedical applications®®

. However, the most widely use of this polysaccharide
is the cross-linked dextran commercialised as Sephadex®. Sephadex and Sephadex derivatives are used as
filling in gel filtration chromatography columns and has revolutionised the purification of

biomacromolecules such as proteins, nucleic acids, and oligo- and polysaccharides®,

Dextran has also been suggested as a natural analogue to the synthetic polymer polyethylene glycol (PEG)
for biomedical applications, due to its high water-solubility, neutral character, biocompatibility,

biodegradability and low immunogenicity®®.
1.8 p-1,3-glucan

B-glucans are homopolysaccharides exclusively composed of glucose residues linked through B-glycosidic
bonds. Such glucose-based polymers are often found in the cell walls of plants, bacteria, and fungi. The f-
glucans from yeast and fungi shear a common structure where the backbone is composed of B-1,3-
glycosidic linkages with randomly distributed p-1,6-linked side chains of different length'®. These glucans

are usually highly branched and found in the inner cell wall layer, sometimes covalently associated with
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other cell wall polymers®, In contrast to cellulose, which is a B-1,4-linked water-insoluble glucan, shorter
B-1,3-linked glucans with a low number of branches are water-soluble. Such soluble B-glucans (SBGs) can
be extracted from the cell wall of yeast in the Saccharomyces family, such as e.g. Saccharomyces cerevisiae,
commonly known as Baker’s yeast'®®. The 1,6-linkages of the branches are more acid labile than the 1,3-
linkages of the backbone, and hence, branches can be removed by acid hydrolysis**.

SBGs are known to possess antitumor, antibacterial, antiviral, anticoagulant and wound healing activities
due to their immune-enhancing effects**" 2. The SBGs activate the innate immune system by binding to
B-glucan receptors (e.g. dectin-1) of immune cells such as macrophages and neutrophils'®, SBG-loaded
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nanofibrous dressings have been shown to improve wound healing in diabetic mice*** assumingly by

reactivating immunosuppressed macrophages.
1.9 Purification and characterisation of oligosaccharides

1.9.1 Gel filtration chromatography (GFC)

Gel filtration chromatography (GFC), also referred to as size exclusion chromatography (SEC) or gel
permeation chromatography (GPC), is used to separate molecules depending on their size (hydrodynamic
volume) or to remove impurities. The method is based on distribution of molecules between a stationary
phase (the porous packing material of the columns) and the mobile phase (eluent). Molecules are separated
depending on their ability to penetrate the pores and thereby be retained by the packing material. The time
used to travel through the column(s) is therefore called the retention time. Larger molecules, that are not
retained by the packing material, will be excluded in the void volume which equals the volume of the mobile
phase in the columns (not including the volume inside the particles). Molecules travelling through the
particles will be excluded at larger volumes (and hence, after longer times), depending on their size. By
connecting an on-line refractive index (RI1) detector to the column(s), the concentration of molecules eluting
at different times can be detected and measured*®®. In the work of this thesis, GFC was used to fractionate

oligosaccharides depending on their DP and/or composition and to isolate and purify reaction products.

1.9.2 Nuclear magnetic resonance (NMR)

Nuclear magnetic resonance (NMR) spectroscopy is commonly used for characterisation of oligo- and
polysaccharides. *H-NMR can be used to determine their chemical composition and DP,. Other NMR
techniques such as **C-NMR and homo- and hetero-nuclear 2D NMR techniques can provide additional

information about their structure and linkage geometry.

In the work of this thesis, different NMR techniques were used to characterise oligosaccharides and
products formed after reducing end functionalisation and activation. Time course *H-NMR was also used

to study the kinetics of the reductive amination reactions.
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The general *H-NMR spectrum for chitin and chitosan has been resolved and the proton resonances can be
used to determine their Fa’* and DP,. The sequence of shorter CHOS from defined fractions can also, in
some cases, be determined by a combination of *H- and **C-NMR spectroscopy since the resonances of the
reducing and non-reducing end residues can be influenced by the nature of the neighbouring residues® **°,

The M residue of CHOS prepared by nitrous acid depolymerisation of chitosan is most commonly found in
the hydrated gem-diol form in aqueous solutions with H1 resonances in the anomeric region®. The chemical
shifts for the proton resonances of the reducing end A, D (a or ) or M (gem-diol) residues and the
internal/middle (m) and non-reducing (nr) A or D residues of the trisaccharides AAA, DDD, AAM and
DDM are given in Table 1.1. The chemical shifts for the resonances of internal and non-reducing end
residues are from oligomers with A or D residues at the reducing end. Annotated *H-NMR spectra of the
disaccharides DD and AA in DO are given in Figure 1.11.

Table 1.1: Chemical shifts for proton resonances of chitin (fully N-acetylated) and chitosan (fully de-N-
acetylated) trisaccharides®!” and the reducing end M residue of chitin and chitosan trisaccharides prepared
by nitrous acid depolymerisation® in D,0, reported as ppm from TSP.

Residue H1 H2 H3 H4 H5 H6a Héb CHjs, -Ac
A (o) 5.20 3.86 3.88 3.63 3.89 3.68 3.80 2.05
APB) 4.72 3.69 3.66 3.62 3.52 3.67 3.84 2.05
A (m) 4.60 3.79 3.74 3.65 3.56 3.66 3.85 2.07
A (nr) 4.60 3.75 3.58 3.47 3.48 3.73 3.92 2.07

D (w) 5.44 3.34 4.03 3.88 4.04 3.77 3.84 -
D) 4.96 3.03 3.86 3.71 3.88 3.75 3.94 -

D (m) 4.87 3.16 3.88 3.74 3.94 3.76 3.95 -

D (nr) 4.84 3.12 3.69 3.49 3.55 3.76 3.95 -

M (gem-diol, AAM) 5.01 3.76 4.35 413 3.98 3.43 3.49 -
M (gem-diol, DDM) 5.09 3.84 4.44 4.22 4.13 n.d. n.d. -
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Figure 1.11: 'H-NMR spectra of a) AA and b) DD in D,O. The spectra are annotated according to

literature data**’.

1.9.3 Mass spectrometry (MS)

Mass spectrometry (MS) is used for accurate mass determination of compounds in a sample from which
chemical information can be obtained. MS has in the recent years become an important tool for the structural
analysis of oligosaccharides and their derivatives''®. The basic principles of MS are to convert molecules
into ions, separate the ions and subsequently measure their mass-to-charge (m/z) ratio. Various MS
techniques are available, which rely on different ionisation methods, mass analysers and detectors*.
Additional information regarding the chemical structure of oligosaccharides can be obtained through
fragmentation of the ions using tandem MS (MS/MS) techniques. A common method for structure
determination of oligosaccharides is through derivatisation of the reducing end which will promote specific
fragmentation patterns®*®, In the present work, quadrupole time of flight (qTOF) MS was used to determine
the mass of CHOS, and products formed after reducing and non-reducing end functionalisation and

activation to determine their DP and structure, respectively.
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2. Scope of the thesis

The work presented in this thesis has been motivated by the need for new approaches to utilise abundant
biomass obtained from renewable resources. Polysaccharides are in this context highly relevant due to their
large variation in chemical composition and properties. Terminal modification of polysaccharides will, in
contrast to the traditional lateral substitution, retain their intrinsic properties as it does not perturbate the
chain structure. Hence, end-coupling of different polysaccharides can enable the preparation of new and

complex macromolecular architectures.

The main objective of this thesis is to investigate the terminal activation of chitin and chitosan
oligosaccharides by a dioxyamine (PDHA) and a dihydrazide (ADH). Oxyamines and hydrazides can, in
contrast to other “click” reagents, react directly with the reducing end of polysaccharides. They also have
higher reactivities than amines and can be used in reductive amination reactions without the use of a
catalyst. Reductive amination of polysaccharides is, however, known to be dependent of the nature of the
reducing end residue and the chemistry of the amine derivative. In this work we therefore aim to perform a
detailed kinetic and structural study of each step of the reductive amination reaction, and on this basis
develop preparative protocols for the activation of chitin and chitosan oligosaccharides with PDHA or
ADH, using a-picoline borane as the reductant. These reactants allow for greener protocols with lower HSE
concerns compared to reductive amination protocols with e.g. aniline and NaCNBHs. The work also
includes activation studies with oligosaccharides obtained from glucans (dextran and B-1,3-glucan) to
investigate the versatility of the method.

Reducing end activation of polysaccharides by PDHA or ADH further enables preparation of AB-type
diblock structures by attachment of a second polysaccharide to the free end of the bivalent linkers. In the
work presented we therefore also aim to develop strategies for the preparation of chitin- and chitosan-based

diblock polysaccharides.

Non-reducing end (NRE) functionalisation of polysaccharides can in principle enable the preparation of
more complex block polysaccharides (e.g. ABC-type) but this has scarcely been studied in the literature.
However, in contrast to most other polysaccharides, chitin oligomers can be selectively functionalised at
the NRE by periodate oxidation, introducing a new dialdehyde. The work therefore also includes an initial
study of the oxidation of the NRE of chitin oligomers and the subsequent activation by PDHA and ADH as
a basis for the preparation of more complex block polysaccharides or block polymers with multiple chitin
blocks.
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3. Summary of results and discussion

The following sections provide a summary of the results and discussion of the two published papers in the
thesis (Paper | and Paper Il), one unpublished manuscript (Paper I11), in addition to some relevant
supplementing results from various side projects during the work with the thesis (Appendix I-1V). For
experimental details, see the appended papers. Experimental details for the supplementing results are
provided in brief in the appendices.

The study presented in chapter 3.1 was initiated during the late part of the work with the Doctoral thesis of
Yiming Feng (2018). Some preliminary results were presented as an unpublished manuscript in her thesis.
The Dy XA oligomers (described in chapter 3.1.1) were prepared and characterised by her and results are
therefore only briefly repeated below. All other results, protocols, strategies, and interpretations presented
are ascribed to the present author.

3.1 Reducing end activation of Dy,XA oligomers prepared by enzymatic degradation

3.1.1 Preparation of D,XA oligomers

Degradation of chitosan by Chitinase B (ChiB) from Serratia marcescens exclusively provides
chitooligosaccharides (CHOS) with A (GIcNAC) residues at the reducing end®. In the present case, DaXA
(X = A or D) oligomers were obtained by complete degradation of a chitosan with Fa = 0.25 using ChiB
(Paper 1). Oligomers of specific DP (n = 2-8) were isolated by GFC fractionation (0.15 M AmAc-buffer,
pH 4.5, Figure 3.1a). We observed that subsequent fractionation of isolated oligomers at pH 6.9 (Figure
3.1b) enabled separation of D,AA from D,DA. Hence GFC fractionation at neutral pH can be used for
sequence specific purification of shorter CHOS. This effect is ascribed to the change in hydrodynamic
volume when the D (GIcN) residues become uncharged. Solubility at pH 6.9 was observed for oligomers
up to DP = 10 (DgXA). The longer oligomers precipitated at neutral pH as expected for chitosan with low

FA77_
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a) 0.15 M AmAc, pH 4.5 b) 0.1 M AmAc, pH 6.9
D, XA
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Figure 3.1: a) GFC fractionation of the mixture of D,XA oligomers obtained by complete enzymatic
degradation of chitosan (Fa = 0.25) using ChiB in 0.15 M AmAc at pH 4.5. Fractionation of isolated
D3XA is included to show the DP distribution. b) GFC fractionation of the mixture of D,XA oligomers
in 0.1 M AmAc at pH 6.9. Fractionation of D3XA is included to demonstrate the ability to separate
oligomers with different chemical composition (Figure S1 from Supporting Information, Paper ).

3.1.2 Activation of D,XA oligomers by PDHA and ADH: the amination step

Activation of the reducing end of D,XA oligomers by PDHA and ADH was studied in detail in Paper I.
Reactions with AA (N,N’-diacetylchitobiose, Figure 3.2) were used as a model system for oligomers with
A reducing end residues since short oligosaccharides give relatively simple NMR spectra (Figure 3.2b and
f). Activation by PDHA resulted in mixtures of acyclic (E)- and (Z)-oxime (Schiff base) and 3-N-pyranoside
conjugates, whereas ADH almost exclusively yielded cyclic N-glycosides, in agreement with literature> "
“8.84 (Figure 3.2a and e).

The conjugation reactions were assumed to follow first order kinetics, and a kinetics model was developed
as described in Paper | (Supporting information, S4). The model was fitted to the experimental data
obtained by real time *H-NMR (e.g. Figure 3.2c and g). Here, conjugates (oximes and/or N-pyranosides)
were treated as a single (combined) product, providing rate constants for the forward (k1) and reverse (k.1)
reactions. Generally, good fits were obtained, confirming first order kinetics for the reactions. Whereas the
forward rate constants depended marginally on pH, the reverse rate constants were highly pH-dependent
(Figure 3.2 d and h) which partly can be attributed to the acid lability of N-pyranosides®. The highest
equilibrium yields were obtained at pH 5.0 in both cases. The larger pH-dependence for the yields obtained
with PDHA can be explained by its higher pKa (4.2) relative to the pKa of ADH (3.1) which results in a
reduced reactivity of the free amine groups at lower pH. Rates were highest at pH 3.0 for both linkers,
attributed to the acid catalysed protonation of carboxyl group to make it more susceptible towards
nucleophilic attack. High yields and short reaction times are desired for the preparation of conjugates. Rate

constants can be used to simulate and predict reaction outcomes, particularly when using other
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concentrations of reactants. We found that carrying out the reaction at pH 4.0 using a large excess of PDHA
and ADH (10 equivalents or more) gave the best compromise between yield and reaction time for both

linkers.

The kinetic study provided data for D.XA oligomers ranging from DP 2 (AA) to DP 10 (DsXA).
Importantly, the reaction kinetics was shown to be essentially independent of DP. Yields and distribution
of conjugates were also marginally affected by DP. Hence, these results imply that optimised protocols can

be applied for shorter oligomers as well as longer polysaccharides.
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Figure 3.2: Reactions of AA with PDHA (a-d) and ADH (e-h). a) and e) Conjugation of PDHA/ADH to
AA, b) and f) 'H-NMR spectra at defined time points for the conjugation reactions with 2 equivalents
PDHA/ADH at pH 4.0, RT, c) and g) course of the reactions obtained from the integrals of spectra shown
in b) and f), d) and h) influence of pH on combined yield and rate constants for the conjugation and the
reverse reaction. Abbreviations: o-red. and B-red.: a- and B-configurations of the unreacted oligomer,
respectively. B-N-pyr.: B-configuration of the N-pyranoside (Figure 3 from Paper ).
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3.1.3 Comparison to CHOS with D residues at the reducing end

Enzymatic degradation of chitosan by other enzymes than ChiB or by other degradation methods (e.g. acid
hydrolysis using HCI) can provide CHOS terminating in D residues. To study the reactivity of such
oligomers, PDHA and ADH were reacted with the disaccharide chitobiose (DD) under same conditions as
for AA. Indeed, DD showed poor reactivity compared to AA. For example, the combined equilibrium yields
after 72 hours were as low as 2 and 10 % for ADH and PDHA, respectively, using the same conditions as
for AA in Figure 3.2c and g. These observations are in agreement with literature data for reactions with
other types of amines®® ?°, Due to the low reactivity of the D residues, enzymatically produced CHOS with

A reducing end residues are more favourable for conjugations of this type.

3.1.4 Activation of D,XA oligomers by PDHA and ADH: the reduction step

All steps in the reactions between carbohydrates and oxyamines or hydrazides are in principle reversible.
Moreover, the stability of the conjugates (oximes/hydrazones and/or N-pyranosides) may vary
considerably*’. Reduction of the Schiff bases will in contrast yield stable secondary amines. Reduction of
DnXA conjugates was therefore investigated using a-picoline borane (PB) as the reductant (Paper I).
Exceptionally slow reduction kinetics was observed for these conjugates at room temperature. Fully
reduced PDHA conjugates could be obtained using a high concentration of PB (20 equivalents) after 40
days whereas the reduction of ADH conjugates was even slower and only approx. 50 % reduced conjugates
were obtained under the same conditions (Figure 3.3b and c). The slower reduction of ADH conjugates can
be attributed to the large fraction of non-reducible cyclic (N-pyranoside) conjugates which needs to be

converted to reducible hydrazones (rate limiting step)®.

Subsequent GFC fractionation of the reaction mixtures revealed a fraction of doubly substituted linkers
which suggested an enhanced reactivity of the free end after conjugation to the first oligomer (further
discussed below). In the case of ADH, a complex mixture of conjugates was formed (Figure 3.3 ¢) resulting
from a ‘polymerisation’ of the linker (ADH,). To the best of our knowledge, this side reaction has not been

described in the literature (details in Paper ).

Unreacted oligomers (in the case of ADH) were unaffected after 40 days and hence, the reduction of CHOS
with A reducing end is slow. Therefore, reductive amination reactions with D,XA can be performed as

conventional one pot reductive amination.

Higher temperatures (40-60 °C) and high concentrations of PB (20-40 equivalents) improved the reduction
significantly, resulting in acceptable yields after 24 hours, with rates comparable to aniline- and NaCNBH3-
based reductive amination protocols (Paper 1). However, the faster decomposition of PB at higher
temperatures had to be compensated for by multiple additions of the reducing agent.
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Figure 3.3: @) and c) GFC fractionation of the mixture of conjugates formed in the reaction of PDHA or
ADH (10 equivalents) with AA after subsequent reduction for 40 days at RT using 20 equivalents PB at pH
4.0, respectively. Fractionation of AA is included as a reference. *H-NMR spectra of b) the main fraction
from the AA-PDHA reaction (completely reduced) and d) the main fraction from the AA-ADH reaction
(approx. 50% reduced) (Figure 4 from Paper I).

3.1.5 Comparison to dextran (Dextm) oligomers

To study whether the results obtained for the CHOS were specific to their reducing end residues, dextran
(Dextm) oligomers, obtained by acid hydrolysis of dextran (a-1,6-linked glucan exclusively composed of
glucose (Glc) residues), were activated by PDHA and ADH (Paper I). Both ADH and PDHA reacted faster
with Dexty, compared to the DnXA oligomers (2-3 times for PDHA and 7-10 times for ADH). This was in
agreement with literature data for oxime ligation where Glc (monosaccharide) was shown to react 4 times
faster than GIcNAC®. High yields and a mixture of oximes and N-pyranosides were obtained for reactions
with PDHA whereas ADH resulted in lower yields and formed exclusively cyclic conjugates, as also
observed for the D, XA oligomers. Hence, the reaction kinetics is clearly dependent of the reducing end

residue, whereas the yield and the type of conjugates formed are linker dependent (PDHA or ADH).
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Dextm oligomers were also unaffected (not reduced) by PB. Reductive amination was therefore performed
as a conventional one pot. The Kinetics for the one pot reductive amination reactions of Dexty oligomers
with PDHA and ADH was compared to corresponding reactions with AA, and reaction rates were much
higher for the former (kinetics included in Figure 3.6). Hence, the slow reduction of CHOS-based
conjugates can specifically be attributed to the nature of their reducing end residues (A or D). The reaction
rates were, however, also linker dependent in the case of Dexty, oligomers, with a higher rate of reduction

for PDHA conjugates.
3.2 Reducing end activation of A,M oligomers prepared by nitrous acid depolymerisation

3.2.1 Preparation of A,M oligomers

Nitrous acid depolymerisation of chitosan provides CHOS with a 2,5-anhydro-D-mannose (M) residue at
the reducing end (Figure 3.4). The pending aldehyde of the M residue been shown to be highly reactive
towards amines®, and hence, such oligomers may serve as attractive alternatives for the preparation of

CHOS-based conjugates.

In the present case, chitin (A,M) oligomers were prepared by nitrous acid depolymerisation of a chitosan
with Fa = 0.48 using an excess nitrous acid (HONO) to the fraction of D residues (Paper II). Due to the
low water-solubility of chitin, only A,M oligomers with DP up to 9 (n = 8) were isolated by GFC
fractionation. Characterisation of the oligomers by *H-NMR (Figure 3.4) revealed that the reducing end

aldehyde appeared in the hydrated gem-diol form (H1, M) as also observed by others®,

Two minor gem-diol resonances around 5 ppm (marked as M’ in Figure 3.4) were also present in the spectra
obtained of the A,M oligomers. These were assumed to be resulting from an alternative form of the M
residue formed by the alternative deamination mechanism suggested in the literature® %2, The mechanism
in itself will not lead to cleavage of the glycosidic linkages, but the rearrangement of the D residue after
deamination results in an acid labile glycosidic linkage®2. Hence, our results suggest that the conditions for
the preparation of the A,M oligomers resulted in a cleavage of these glycosidic linkages forming oligomers
with the M” residue at the reducing end. The M’ residue has the pending aldehyde located at C2 of the ring,
and can, in contrast to the main M from, appear in the open ring form with two aldehydes. The two minor
gem-diol resonances observed in the NMR spectra of A;M oligomers can therefore assumingly be assigned
to the hydrated a- and B-configurations of this M’ form. This is, to our knowledge, the first reported
evidence of the alternative deamination mechanism leading to depolymerisation chitosan. The M’ residue
was structurally elucidated after activation of the A;M oligomers (see chapter 3.2.3).
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Figure 3.4: *H-NMR spectra of purified a) AsM and b) A,M including annotations and integrals. M'
refers to alternative (minor) forms of M (Figure 3 from Paper I1).

3.2.2 Activation of A;M oligomers by PDHA and ADH: the amination step

Activation of A;M oligomers by PDHA and ADH was studied in detail in Paper I1. Due to the pending
aldehyde of the M residue, only acyclic Schiff bases (oximes and hydrazones) can be formed in reactions
with PDHA and ADH®,. The reactivity of the A,M oligomers was high compared to CHOS with A reducing
end residues (Figure 3.5). The equilibrium yields were also high (> 75 %) for both PDHA and ADH even
with a low excess of linkers (2 equivalents). Moreover, activation reactions with A,M were only weakly
dependent of pH in the range studied (pH 3.0-5.0) in contrast to D,XA oligomers where the reverse rate
constants and equilibrium yields were highly pH-dependent. Reaction kinetics also appeared to be
essentially independent of DP in the range studied (DP 3-6) as observed for the D,XA oligomers.
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Figure 3.5: Kinetics for the reactions of A;M oligomers (20.1 mM) with 2 equivalents a) ADH (hydrazone
formation) and b) PDHA (oxime formation) at pH 3.0, 4.0 and 5.0. Kinetics for the corresponding reactions
with AA at pH 4.0 (from Paper 1) is included for comparison (Figure 5 from Paper I1).

3.2.3 Activation of A,M oligomers by PDHA and ADH: the reduction step

The high reactivity of the pending aldehyde of the M residue was also reflected in a high rate of reduction
by PB (Figure 6 in Paper I1). Hence, reductive amination of A,M oligomers needs to be performed as two
separate, consecutive reactions (see also 3.3). However, favourable kinetics in the first reaction facilitates
this approach.

Reduction of A,M-ADH conjugates (hydrazone reduction, Figure 3.6a) turned out to be very fast compared
to reduction of Dextm- and AA-ADH conjugates (included in Figure 3.6a). The difference corresponded
roughly to 1 and 2 orders of magnitude at pH 4.0, respectively. The reduction of hydrazones was further
strongly pH-dependent (in the range 3.0-5.0) and clearly fastest at pH 3.0. Protocols with 3 equivalents PB

at pH 3.0 or 4.0 were sufficient to obtain fully reduced conjugates within 24 hours.

A:.M-PDHA conjugates were on the other hand reduced with a much lower rate (oxime reduction, Figure
3.6b) and a higher concentration of reductant was therefore necessary to obtain acceptable reduction rates.
20 equivalents PB at pH 4.0, RT gave complete oxime reduction after 48 hours. The pH-dependence of the
reduction was, however, qualitatively similar to that of hydrazones with higher reduction rate at lower pH.
The pH-dependence can be attributed to the protonation of Schiff bases to form reducible iminium ions.
Hence, the two step reductive amination reactions with A,M oligomers can be performed at low pH since

the activation (amination) step only is marginally dependent on pH. The higher reduction rates for A,M
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conjugates compared to Dext, and AA conjugates can assumingly be attributed to the exclusive formation

of reducible acyclic conjugates (oximes and hydrazones) for the former.
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Figure 3.6: Kinetics for the reduction of a) A;M-ADH conjugates (hydrazone reduction) and b) A,M-
PDHA conjugates (oxime reduction) at pH 3.0, 4.0, and 5.0 using 3 equivalents PB at RT. Kinetics for
the reduction of D,M conjugates and the one pot reductive amination of AA and Dexts at pH 4.0 under
otherwise identical conditions is included for comparison. Two equivalents ADH or PDHA were used in
all reactions.

'H-NMR spectra of fully reduced and purified (by GFC) AsM-PDHA and AsM-ADH conjugates are given
in Figure 3.7. The structure of the alternative form of the M residue (M”) was confirmed by 2D NMR
characterisation (S10 Supporting Information, Paper I1). The structure and annotations are included in
Figure 3.7. Conjugates corresponding to the open ring form of the M’ residue were not detected, and it
appeared that M’ reacts with PDHA and ADH in the same way as the main M form. To the best of our
knowledge, this is the first observation of the formation and subsequent reaction of oligomers with the M’
reducing end residue. Conjugates formed the two different forms of the M residue were not separated during
purification and without further investigation, we also assume that the two forms are indistinguishable when
part of a block polysaccharide.
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Figure 3.7: 'H-NMR spectra of reduced and purified a) AsM-PDHA and b) AsM-ADH conjugates. The
structures of the conjugates with normal M residue and the alternative M’ are included in the figure
(Figure 8 from Paper II).

3.2.4 Comparison to D,M oligomers

The high reactivity of the M residue observed for the A,M oligomers could possibly also be valid in the
case of CHOS with lower Fa prepared by nitrous acid depolymerisation of chitosan. Such oligomers may
serve as more reactive alternatives to the D,XA oligomers for the preparation of chitosan conjugates. Fully
de-N-acetylated (DnM) oligomers were therefore prepared by nitrous acid depolymerisation using a
chitosan with low Fa and a sub-stochiometric amount of HONO (unpublished results are given in Appendix
1). The kinetics for the activation and subsequent reduction of D,M oligomers (included in Figure 3.6) was
indeed identical to the kinetics of the AsM oligomers, indicating that the reactions with PDHA and ADH
were reducing end specific (M residue) and independent of the Fa of the oligomers.

Interestingly, the formation of the alternative form of the M residue (M’) observed for A,M oligomers was
not observed for DM, suggesting that the alternative deamination mechanism is triggered by the excess
HONO used for the preparation of the former.
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3.3 Reductive amination using NaCNBHj3 as the reductant: comparison to PB

The extremely slow reduction of D,XA conjugates by PB and the high rate of reduction of the AM
oligomers prompted us to investigate whether the results were reducing agent specific. Hence, reactions

were performed with NaCNBHj3 for comparison.

As observed for PB, AxM oligomers were rapidly reduced by NaCNBHs. Reductive amination reactions
with A,M oligomers should therefore be performed in two consecutive reactions (amination followed by
reduction) with both reducing agents (and probably also with other reducing agents). DnXA and Dextm
oligomers were in contrast unaffected by NaCNBHj3 and reductive amination can therefore be performed

as one pot also with this reducing agent.

The reducing efficacy of NaCNBH3; compared to that of PB was further studied for A\M and Dexty
conjugates prepared with either PDHA or ADH (Figure 3.8). The reduction by NaCNBH; was in all cases
faster than the corresponding reactions with PB. However, reactions with NaCNBH3 (except the extremely
fast A.M-ADH reduction) were limited by its rapid decomposition in the buffer (20 times faster than PB at
RT, Paper II), resulting in incomplete reduction when 3 equivalents were used. Hence, these reactions

need multiple additions of NaCNBH or higher initial concentration of reducing agent to go to completion.
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Figure 3.8: Comparison of the reaction kinetics for the reduction of a) PDHA conjugates and b) ADH
conjugates formed with AxM, Dextm or AA with PB or NaCNBHj3 (3 equivalents, 3x) at pH 4.0, RT.
Reactions with Dextm were performed as one pot, whereas reactions with A,M and AA were performed
as two pot (sequential amination and reduction). Two equivalents ADH or PDHA were used in all
reactions.
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Interestingly, the reduction of AA-PDHA and AA-ADH conjugates by NaCNBH;3 behaved very differently
than the reduction of other conjugates. Instead of a steady increase in the yield of secondary amines, the
yield started to diminish after an initial increase (observed for both PDHA and ADH, kinetics included in
Figure 3.8). *H-NMR characterisation of purified conjugates revealed a lower intensity of the H1, secondary
amine resonances after complete reduction by NaCNBH3 compared to the conjugates reduced by PB (shown
for AA-PDHA in Figure 3.9), suggesting that a different type of conjugates were formed. This observation
has, to our knowledge, not been reported in the literature. NaCNBH3 is therefore not recommended as

reducing agent for reactions with CHOS possessing A residues at the reducing end.
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Figure 3.9: 'H-NMR spectra of the purified AA-PDHA conjugates after complete reduction by a)
NaCNBHjs or b) PB.

3.4 Protocols for the preparation of activated oligosaccharides

The above-mentioned results show that reductive amination of carbohydrates is clearly not universal.

Hence, protocols need to be adapted for individual oligo- or polysaccharide systems.

3.4.1 Comparison of activation kinetics for different oligosaccharides
Our kinetic studies show that the activation of oligosaccharides by PDHA and ADH is highly dependent

on the nature of the reducing end. Kinetic parameters obtained for the activation (amination) reactions with
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different oligosaccharides under the same conditions are presented in Table 3.1. The times to reach 50 and
90 % of the combined equilibrium yields (tooand tos) are included as a more empirical approach to describe
reaction rates*®. The rates demonstrate the high reactivity of the M reducing end residue of A,M (and D,M)
oligomers compared to the reducing end residues of D,XA and Dextn. The high rates and yields obtained
for AnM (with both PDHA and ADH) can be attributed to the availability of the pending aldehyde of the M

residue and the inability to form cyclic conjugates (N-glycosides).

The low reactivity of CHOS with terminal A (and D) residues is reflected in slow activation rates (data for
terminal D residues not included due to extremely slow kinetics). Even though the type of conjugates (Schiff
bases and/or N-pyranosides) and yields for oligomers with terminal pyranose residues (GIcNAc (A), GIcN
(D) and Glc) were shown to be linker dependent, kinetics was in contrast highly dependent on the chemistry
of the reducing end residue. Terminal Glc residues of Dextn oligomers reacted faster with ADH than with

PDHA, whereas the opposite was the case for the terminal A and D residues of CHOS.

The results of the Dextn oligomers were also compared to activation of oligomers obtained from B-1,3-
linked glucan (SBGy). Interestingly, the SBG, oligomers reacted slightly faster with both PDHA and ADH
compared to Dext, and provided also higher yields (results included in Table 3.1). Hence, the results
suggest that even the geometry of internal linkages to some extent affects the kinetics of the reducing end

activation of oligomers composed of the same residues (unpublished results are given in Appendix II).

Table 3.1: Kinetic parameters obtained for the activation (amination) of different oligosaccharides by
PDHA or ADH (2 equivalents) at pH 4.0, RT. The rates (to.oand tos) and the rate constants (ki and k.1) are
based on the combined yield of conjugates (oximes/hydrazones and/or N-pyranosides).

Reaction Ratio tos to. k1 K-1 Combined
acycl.:cycl. [n] [h] [h] [h1 equilibrium yield
[%]
A;M-PDHA 1:0 0.2 0.9 7.7x102 1.6x10"* 91
SBGs-PDHA 5.1:1 18 7.1 1.1x10%2  1.5x107 94
Dexts-PDHA 431 22 8.6 8.0x10°  2.0x10° 90
AA-PDHA 2.9:1 76 300  22x10°  7.0x10° 88
A;M-ADH 1:0 0.3 1.2 55x102  1.9x10* 87
SBGs-ADH 1:44 1.2 4.2 7.1x10°  2.3x10* 49
Dexts-ADH 1:41 1.9 6.4 35x10°  1.9x10" 38
AA-ADH 1:47 20.4 714 a7x100 1.2x107 53

39



SUMMARY OF RESULTS AND DISCUSSION

3.4.2 Two pot reductive amination protocols for AnM (and D,M) oligomers

Reduction of unreacted A,M (and D,M) oligomers by both PB and NaCNBHj is fast and hence, reductive
amination of these oligomers needs to be performed as consecutive reactions. The amination should further
be performed using a large excess of ADH and PDHA (> 10 equivalents) to reduce the fraction of unreacted
oligomers prior to the addition of reducing agent and to minimise the formation of doubly substituted
linkers. ADH conjugates (hydrazones) were reduced with much higher rates than PDHA conjugates
(oximes) with both reducing agents. However, the fast decomposition of NaCNBH; needs to be
compensated for by several additions for the reduction of PDHA-conjugates. This, as well as other
drawbacks associated with NaCNBHz (including HSE concerns), makes protocols with PB highly
recommended for the reductive amination of A,M oligomers. For ADH conjugates, 3 equivalents of PB
and a reaction time of 24 hours was enough to obtain fully reduced conjugates at RT, pH 3.0 and 4.0. For
PDHA conjugates, a higher concentration of PB (20 equivalents) and 48 hours of reduction were necessary

at RT, pH 4.0 but higher temperatures or lower pH would presumably improve the protocol further.

DnM oligomers were shown to have identical amination and reduction kinetics as the A,M oligomers.
Hence, the protocols developed for A,M will also apply for D,M oligomers. A partial degradation of the M
residues was, however, observed during the purification of isolated DyM oligomers (unpublished results in
Appendix 1). The degradation was attributed to a pH-dependent reaction of the M residues with
unprotonated free amino groups of the D residues, resulting in the formation of 5-hydroxymethyl-2-furfural
(HMF) and oligomers with the unreactive D residues at the reducing end (Dy). Activation of the mixture of
DnM oligomers prior to purification prevented the M degradation, and this protocol can therefore be used
for oligomers prepared by nitrous acid depolymerisation with Fa < 1. This protocol is also time saving, as
the purification from excess linker and isolation of activated oligomers of specific DP can be performed in

the same step. The protocol can therefore also be highly relevant for other oligomer mixtures.

3.4.3 One pot reductive amination protocols for oligomers with pyranose reducing end residues

The slow reduction of unreacted oligosaccharides with pyranose reducing ends (GIcNAc, GlcN and Glc)
allows for conventional one pot reductive amination protocols. The slower activation and reduction kinetics
for these oligomers compared to oligomers with M reducing ends, was compensated for by using a large
excess of ADH and PDHA (10 equivalents), a high concentration of PB (>20 equivalents), and higher
temperatures (40 or 60 °C).

For Dextm-PDHA, Dextn-ADH, and SBG,-PDHA/SBGx,-ADH complete reduction of conjugates was
obtained after 1, 2, and 3 days, respectively, using 20 equivalents PB at 40°C with oligomers of DP 9 or 10
(unpublished results are given in Appendix Il). The slower kinetics for the SBGy-based conjugates
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compared to Dextm-conjugates, suggest that the geometry of internal linkages also affects the rate of

reduction for the conjugates.

The improved protocols with PB serve as good alternatives to corresponding protocols with NaCNBH:s.
The applicability of the protocols was demonstrated by the preparation of fully activated and reduced
dextran-based conjugates with longer chains (DP, = 340, unpublished results in Appendix 1V). The
reaction time was however increased for the longer chains (e.g. from 2 to 4 days for Dextn-ADH conjugates)

to ensure complete reaction.

The slow kinetics for both the amination and the reduction of CHOS with normal pyranose (A or D)
reducing end residues makes the use of CHOS terminating in M residues more attractive. However, in cases
where pyranose reducing end residues are preferred, enzymatically produced CHOS with A residues at the
reducing end should be used as these are much more reactive than CHOS terminating in D residues. The
reductive amination of D,XA oligomers needs harsher conditions compared to Dextn and SBG, and the
one pot reductive amination protocol for D,XA oligomers with PB described in Paper | needs further
improvements to give fully reduced conjugates. However, by increasing the reaction temperature to 60 °C
and the concentration of PB to 40 equivalents we obtained 84 and 43 % reduced conjugates after 24 hours
with PDHA and ADH, respectively. The faster decomposition of PB at 60 °C was compensated for by
multiple additions (Paper 1). Longer reaction times and higher concentration of PB will enable preparation
of fully reduced conjugates. The formation of other (unidentified) conjugates prevents the use of NaCNBH3
as the reducing agent for CHOS terminating in A residues. Therefore, PB also serves as the recommended

reducing agent for D,XA oligomers even though the reduction is slow.
3.5 Chitin- and chitosan-based diblock polysaccharides

3.5.1 Chitin-b-chitin diblocks

In the context of block polysaccharides, chitin-b-chitin prepared using A:M oligomers serve as simple
model for diblocks with antiparallel chains. The preparation of A,M-b-MA,, was studied using two different
approaches: Either attaching a second block to A,M-ADH or A,M-PDHA (fully reduced) conjugates, or in

a single step using 0.5 equivalents of linker, in both cases followed by a reduction step.

The kinetics for both these approaches was first studied and compared (Paper I1). The kinetic data enabled
(as before) simple simulations of the reactions when exploring the influence of e.g. different concentrations

and relative proportions of reactants to optimise the reaction.

In both approaches it was found that reaction rates and equilibrium yields (prior to reduction) were higher

than for the activation of oligomers (first step). The results were supported by the formation of higher
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amounts of diblocks than those predicted using a simple statistical approach (equation derived and
described in Paper I1). In combination, these results demonstrated that the reactivity of the free amine end
of the linkers (PDHA/ADH) was in fact increased after attachment of the first oligomer/block. This is an
unexpected, but useful aspect in the preparation of diblocks from PDHA and ADH activated
oligosaccharides.

The best strategy to prepare fully reduced chitin-b-chitin diblocks turned out to be the first approach, i.e.
reacting A.M to preformed A,M-ADH or A,M-PDHA conjugates. Close to 100 % yield of diblocks could
be obtained after 24 or 48 hours of reduction using 3 or 20 equivalents PB for ADH- or PDHA-based
diblocks, respectively, using 2 equivalents of the activated block. The activated block can be reused after
purification, in contrast to an excess of A,M which is rapidly reduced after addition of PB.

The second approach, using 0.5 equivalents of the linker, is experimentally simple, but results in a mixture
of diblocks, activated blocks and unreacted oligomers at equilibrium. Due to the rapid reduction of
unreacted A,M, the addition of reductant did not improve the yield of diblocks much and hence, this

approach was rejected.

3.5.2 Chitin-b-dextran diblocks

Chitin-b-dextran diblocks were prepared by attaching Dexty, oligomers to PDHA or ADH activated A,M
oligomers using equimolar concentrations of the blocks (Paper I1). Higher equilibrium yields and rates for
the second conjugation were observed compared to the reactions of Dextm with free PDHA or ADH,
confirming an increased reactivity of the free end of the linkers after attachment of the first block. The
lower reactivity of Dextn oligomers compared to AyM resulted in low equilibrium yields of diblocks prior
to reduction. However, due to the slow reduction of unreacted Dextn, oligomers we could obtain
approximately 90 % yield of A,M-b-Dextr, diblocks after the reduction step. The structure of the A\M-b-
Dextn, diblock was verified by *H-NMR (Figure 3.10). These diblocks serve as a proof of principle for the
preparation of diblock polysaccharides composed of two different oligo- or polysaccharides using ADH or
PDHA as linkers between the blocks.

Since the attachment of Dext, to activated AqM is slow, particularly when equimolar concentrations are
used, the protocol may be improved by reversing the reaction order. The ‘reverse’ strategy overcomes the
slow kinetics for the reductive amination of dextran by first preparing activated Dextm oligomers using a
large excess of linkers, and subsequently react these conjugates with AsM oligomers. The fast reduction of
AnM oligomers can be circumvented by using an excess of the activated dextran block (as discussed above).
This strategy is generally applicable for the block with the lowest reactivity for the preparation of block

structures.
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Figure 3.10: a) Preparation of chitin-b-dextran diblocks with PDHA and ADH. *H-NMR spectra of the
fully reduced and purified b) AsM-PDHA-Dexts diblock and c¢) AsM-ADH-Dexts diblock (Figure
adapted from Paper I1).

3.5.3 Chitosan-based diblocks

Chitosan oligomers prepared by nitrous acid depolymerisation are preferred over enzymatically produced
oligomers for the preparation of chitosan-based diblocks, due to the low reactivity of the A and, in
particular, D reducing end residues. Depending on the conditions for the nitrous acid depolymerisation and
the Fa of chitosan degraded, chitosan oligomers with various compositions (Fa) can be prepared. However,
as discussed in chapter 3.4.2, the preparation of defined oligomers with low Fa can be challenging due to

the pH-dependent degradation of the M residues during purification. The degradation can, however, be
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prevented by activating the mixture of oligomers prior to purification. Such activated oligomers will need
to be used as the first block for the preparation of chitosan-based diblock polysaccharides. Hence, the high

reactivity of the M residues will not be utilised.

De-N-acetylation of AxM blocks may serve as an alternative approach to prepare chitosan-based diblock
polysaccharides. We therefore studied the de-N-acetylation of A,M-PDHA and A,M-ADH conjugates
(unpublished results are given in Appendix I11). Interestingly, the secondary amine linkage was shown to
be stable throughout the de-N-acetylation, whereas the harsh conditions resulted in the loss of an -NH group
from the free end of the linkers. We hypothesize that the attachment of a second block to the free end can
protect the linkers from degradation. Hence, the high reactivity of the M residue can be utilised in e.g. the
preparation of chitin-b-x diblocks, where x is a different polysaccharide, which subsequently can be de-N-
acetylated to form chitosan-b-x block polysaccharides. This approach to is however limited by the low

solubility of AnM oligomers and is therefore only applicable for oligomers with DP < 10.

For the preparation of chitosan-based block polysaccharides with CHOS terminating in A (or D) reducing
end residues, chitosan should be used as the first block (prepared using a large excess of the linker) due to

the slow Kinetics for the reductive amination of such oligomers.

3.5.4 Diblocks with water-insoluble chitin oligomers

The high reactivity observed for the M residues prompted us to attempt to form dextran-b-chitin diblocks
with the water-insoluble fraction of AsM oligomers (DP > 9) obtained by the depolymerisation of chitosan
using an excess nitrous acid. Dextran was chosen since this is a highly water-soluble polysaccharide and
we therefore postulated that the dextran block could increase the water-solubility of the chitin block. ADH
was chosen as the linker between the blocks since the reduction of hydrazones formed with A,M oligomers
is much faster than the corresponding oximes formed with A,M and PDHA. Two different Dextm-ADH
conjugate samples were prepared with DP, = 80 and 340 (m = DP,,) to study the effect of the chain length
of the dextran block. The activated dextran was reacted with 2 equivalents of the water-insoluble AxM
(assuming DP, = 12) using conditions optimised for A,M-ADH reactions (unpublished results are given in
Appendix V).

'H- NMR characterisation of the water-soluble fractions obtained from the heterogenous reaction mixtures
revealed weak resonances from A,M oligomers (H1, A internal and N-acetyl) suggesting the presence of
AnM oligomers in the sample. The resonances from the H1, secondary amines were also of slightly higher
complexity suggesting conjugation of A,M to the free end of ADH. Interestingly, the weight of the soluble
fraction after freeze-drying was reduced compared to the weight of the Dextn-ADH samples prior to
reaction (independent of DPy).
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These preliminary results imply that the highly reactive M residue of the water-insoluble A,M oligomers
can react with the free end of ADH under heterogenous conditions, however, without the Dextn fraction
being able to increase the water-solubility of the chitin block (independent of DP, of the Dextn block).
Water-insoluble dextran-b-chitin diblocks may, however, serve as precursors for the preparation of dextran-
b-chitosan block polysaccharides by de-N-acetylation of the chitin block as suggested above.

Chitin is soluble in dimethyl acetamide (DMAc) containing a few percent LiCI*** 22 and we therefore
performed an initial experiment to form chitin-based diblocks in this solvent (unpublished results are given
in Appendix 1V). After establishing that all chitin fractions (including the water-insoluble fraction) were
soluble in DMAC/LICI (8 %), AsM-PDHA conjugates (fully activated and reduced) were reacted with an
equimolar amount of A;M (without reducing agent). A high yield (> 95 %) of oximes was obtained. Hence,
these preliminary results indicate that DMAC/LICI is a viable solvent for the preparation of chitin-based
diblock structures with longer chitin blocks. Further we propose that the solvent can be used for reactions
of water-insoluble A,M oligomers with other oligo- or polysaccharides activated with PDHA which are

soluble in DMAC/LICI, e.g. dextran and B-1,3-glucans, for the preparation of block polysaccharides.

3.5.5 Purification of diblock polysaccharides

The protocols for preparation of chitin- and chitosan-based diblock polysaccharides where an excess of the
activated block is used, require subsequent purification to isolate the diblocks. For the shorter
oligosaccharide blocks used here, GFC fractionation was proven useful. For the preparation of block
structures with longer oligo- or polysaccharides, other purification methods are required. In some cases,
block specific solvents may be relevant. E.g. for chitosan-based diblocks, unreacted chitosan blocks can be
removed by precipitation under conditions where the diblock remain soluble, or in the opposite case,
chitosan-based diblocks can be removed by precipitation under conditions where the unreacted block is
soluble. However, this purification method requires specific solubility of the blocks which needs to be

thoroughly studied.

Another possible method to remove the excess of the unreacted activated block could be through reactions
with solid beads, surfaces or columns functionalised with aldehyde or ketone groups. If the rection is
performed without reducing agent, the Schiff base formation can be reversed under specific conditions and
the activated block can be reused after detachment. This, and other purification methods clearly deserve

future attention.
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3.6 Non-reducing end functionalisation of chitin blocks for the preparation of complex

block polysaccharides and soluble chitin polymers

3.6.1 Non-reducing end functionalisation of chitin blocks

Most of the terminal functionalisation reactions of polysaccharides reported in the literature are performed
at the reducing end (RE). There are only a few polysaccharide specific methods available for
functionalisation of the non-reducing end (NRE) residue hence, limiting the possibilities for the preparation

of e.g. ABC-type block polysaccharides, where B is an oligo- or polysaccharide.

Chitin oligomers prepared by nitrous acid of chitosan (AxM) are however, special in this context as they
only possess a single vicinal diol in their structure, located in the NRE residue (Figure 3.11a). Such
oligosaccharides can, therefore, be selectively oxidised at the NRE by periodate to provide a dialdehyde
(Figure 3.11b). Periodate oxidised As,M activated by PDHA or ADH can further serve as precursors for
more complex block polysaccharide structures such as e.g. ABC triblocks.

The preparation and activation of oxidised A,M oligomers are described in Paper I111. Activation was first
studied using an excess of the bivalent linkers (10 equivalents ADH or PDHA). The results showed that
both the aldehydes formed at the oxidised NRE (O-NRE) were reactive in contrast to lateral dialdehydes
formed by periodate oxidation of alginates*?® 12, The O-NRE aldehydes were also shown to be even more
reactive than the pending aldehyde of the M reducing end residue. Due to reactivity of both aldehydes in
the O-NRE, fully substituted oligomers could be obtained with an excess of the bivalent linkers (e.g. Figure
3.11 c). However, due to incomplete oxidation of the oligomers, a complex mixture of conjugates was
formed. The incomplete oxidation was most probably a result of slow oxidation kinetics. The bivalency of
the linkers (PDHA and ADH) also enabled the formation of several different chitin-based block structures
and, perhaps surprisingly, cyclic structures. The presence of these structures suggested that the excess of

the bivalent linkers was too low.

In the case of ADH, the reaction with periodate oxidised A\M resulted in an excessive ‘polymerisation’ of
ADH (also observed and discussed in Paper I) which limits the use of ADH in this context. However, we
suggest that the polymerisation was enhanced by traces of periodate and that a more thorough purification
of the oxidised oligomers (e.g. by GFC) will reduce the polymerisation rate. The slower reduction of oximes
as compared to hydrazones (Paper I1) was also observed for the Schiff bases formed with the aldehydes in
the O-NRE reside. Therefore, longer reduction times were required for the PDHA activation of oxidised

oligomers.

Further optimisation of oxidation and activation conditions is necessary for the applicability of this method.

However, the preliminary results presented in Paper 11l shows that oxidised and fully substituted
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(activated) AnM oligomers can be prepared. Such activated oligomers can, in theory, enable the preparation

of complex block polymers by attaching other oligo- or polysaccharides to the free end of the bivalent

linkers.
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Figure 3.11: a) chemical structure of an A,M oligomer, b) chemical structure of a periodate oxidised
A2M oligomer, c) conjugation of PDHA or ADH to the RE and NRE of an oxidised A,M oligomer
(Figure 1 from Paper I11).

3.6.2 Water-soluble chitin block polysaccharides

The low water-solubility of chitin limits its applicability and A,M oligomers prepared by nitrous acid
depolymerisation of chitosan are only water-soluble up to DP = 9. Even though water-soluble chitin
derivatives are described in the literature (e.g. CM-chitin, DHP-chitin'?® and PEG-chitin'?®), these are, to
the best of our knowledge, in all cases modified by lateral substitution which may supress the intrinsic
properties such as e.g. biochemical activities*?® 2", Terminal modification of chitin is in contrast expected

to retain much of the intrinsic properties.

When reacting periodate oxidised A,M oligomers with sub-stoichiometric amounts of PDHA we observed
not only the formation of the expected AnM-PDHA-MA, diblocks, but also longer chitin block structures
where the A,M oligomers were linked through both the RE and O-NRE (Paper I11). In the case of A,M
oligomers of DP 6 (n = 5), which are close to the solubility limit of chitin, the ‘polymerisation” of oxidised
blocks resulted in water-soluble chitin polymers with a DP > 36 (based on the GFC calibration, Figure
3.12). Hence, a new type of modular and water-soluble chitin-based block polysaccharides had been

prepared.
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Due to the unoptimized oxidation conditions (discussed above), a large fraction of unreacted and unoxidized
AsM oligomers ((AsM)1, Figure 3.12) was present after reaction with PDHA. Their presence confirms the
high reactivity of the O-NRE aldehydes since all the oxidised AsM oligomers were part of longer
‘polymerised’ block structures. Hence, optimised oxidation protocols will enable formation of a larger
fraction chitin block polymers and the length of the block structures can be adjusted by the concentration
of bivalent linker.

The longest water-soluble A,M oligomers may retain intrinsic chitin properties, such as biodegradability
and self-assembling properties, as part of the chitin-block polymers. Hence, this new type of water-soluble
chitin-based block polysaccharides can be relevant for pharmaceutical and biomaterial applications in the

near future. These preliminary results are, however, in need for further investigation.

(Asm),
DP=6

400 500 600 700 800 900 1000
Time (min)

Figure 3.12: a) GFC fractionation following reaction of oxidised AsM blocks ((AsM),) with 0.5

equivalents PDHA, b) fractionation of a standard mixture of A,M oligomers for GFC calibration (Figure
7 from Paper 111).
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4. Concluding remarks

The terminal activation of polysaccharides with bivalent oxyamines and hydrazides enables preparation of
block polysaccharides. In contrast to other ‘click’ reactions, end coupling of polysaccharides by such linkers
can be obtained by two simple reductive amination steps; activation of the first block and subsequent

attachment of the second block to the free end of the bivalent linkers.

Chitin and chitosan are highly relevant in the context of block polysaccharides due to their high abundance,
biocompatibility, biodegradability and, in the case of chitosan, its tuneable positive charge. In the work
presented in this thesis, chitin and chitosan oligomers were terminally activated by PDHA (dioxyamine)
and ADH (dihydrazide) using reductive amination with PB as the reductant. The kinetics of each step of
the reductive amination reactions was studied in detail as a basis for developing activation protocols as the

first step towards the preparation of chitin- and chitosan-based block polysaccharides.

Chitin and chitosan oligomers, prepared by nitrous acid depolymerisation of chitosan (AsM and D,M
oligomers, respectively), were highly reactive towards activation by ADH and PDHA.. The inability of such
oligomers to form cyclic conjugates due to the pending aldehyde of the reducing end M residue, was
reflected in high reaction rates and yields for the amination step (formation of oximes and hydrazones).
Interestingly, the kinetics was independent of pH in the range studied (3.0 to 5.0). Reaction kinetics was

also independent of the Fa of the oligomers, and hence, clearly reducing end specific.

The unreacted AnM and D,M oligomers were rapidly reduced due to the availability of the pending
aldehyde. This was observed for both PB and for comparison NaCNBH3. The reductive amination of such
oligomers should therefore be performed in sequential reactions (e.g. amination followed by reduction).
The reduction was, in contrast to the amination, highly pH-dependent and clearly fastest at low pH (3.0)
for both linkers. Interestingly, conjugates formed with ADH (hydrazones) were reduced with a much higher
rate than PDHA conjugates (oximes) and ADH is therefore the linker of choice for the preparation of
conjugates composed of oligomers with M reducing end residues. The high rate of reduction for such
conjugates by PB in combination with a fast decomposition of NaCNBHj in addition to other drawbacks

(including HSE concerns) makes protocols with PB recommended for these oligomers.

The high reactivity of the M residue is a complicating factor during the purification of oligomers with low
Fa due to a pH-dependent degradation of the M residues following reactions with the free amino groups of
the D residues. Such oligomers can, however, be activated by PDHA or ADH prior to purification to prevent
the M degradation. This approach is also time saving as the purification from excess linker and isolation of

activated oligomers of specific DP can be performed in the same step
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Enzymatically produced CHOS with A residues at the reducing end (D,XA) were shown to have extremely
low reactivity towards ADH and PHDA compared to the A,M and D,M oligomers, and also compared to
glucan oligomers (dextran or (3-1,3-glucans). DnXA oligomers were, however, more reactive than CHOS
terminating in D residues, encouraging us to recommend oligomers with terminal A residues as the best

alternative for CHOS with pyranose reducing ends for reactions with PDHA and ADH.

The kinetics for the amination reactions with D,XA oligomers and PDHA or ADH was, in contrast to the
reactions with A,M/D,M, highly pH-dependent (in the range 3.0 to 5.0). For PDHA a drastic reduction in
yield was observed at low pH, whereas the rates were reduced for both linkers at higher pH. pH 4.0 is
therefore recommended to obtain high yields at acceptable rates for the activation of D,XA oligomers.
Yields and types of conjugates formed (acyclic Schiff bases or cyclic N-pyranosides) were highly linker
dependent, and only cyclic conjugates (N-pyranosides) were formed with ADH whereas reaction with

PDHA resulted in a mixture of acyclic and cyclic conjugates.

The reduction D,XA-based conjugates was extremely slow compared to reduction of conjugates based on
the other oligomers studied (A\M/DnM, Dexty, and SBG,). Unreacted D,XA oligomers were, however, not
affected by PB and hence, reductive amination with these oligomers can be performed as conventional one
pot. NaCNBHj; does not serve as an alternative reducing agent for these oligomers due to the formation of
other (unidentified) types of conjugates. The reduction conjugates formed with ADH was slow compared
to the reduction of PDHA conjugates and PDHA is therefore a better choice of linker for the preparation of
DnXA-based conjugates. The slow kinetics for the reductive amination of D,XA oligomers was

compensated for by using a high concentration of linkers, high concentration of PB and high temperatures.

The preparation of chitin- and chitosan-based diblock polysaccharides was demonstrated by attaching a
second oligomer block to the free end of the linkers of ADH- and PDHA-activated oligomers. An increased
reactivity was observed for the free end of both linkers after activation of the first block which facilitates

the use of PDHA and ADH for the preparation of block polysaccharides.

Oligo- or polysaccharides with the lowest reactivity towards the linkers should be used as the first block in
the preparation of block polysaccharides. This will most probably always apply to CHOS terminating in A
or D residues, due to their extremely low reactivity towards PDHA and ADH compared to the other

oligosaccharides studied.

To utilise the high reactivity of the M residue, AnM oligomers prepared by nitrous acid depolymerisation
should be used as the second block in the preparation of chitin-based diblock polysaccharides. However,
due to the rapid reduction of unreacted oligomers, an excess of the activated block is required to obtain high
amination yields prior to reduction. The activated block can be reused after purification, in contrast to
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reduced and inactivated oligomers. In the case of oligomers with low Fa (e.g. DnM), degradation of the M
residue was prevented by activation of the oligomers prior to purification, but this approach also prevents
the use of chitosan oligomers (Fa < 1) with M reducing end residues as the second block. De-N-acetylation
of AnM in premade block structures may therefore serve as an alternative for the preparation of chitosan-
based block structures utilising the high reactivity of the M residue.

Even though DaXA, Dextm and SBGy, oligomers can be reacted with the activated block in an equimolar
ratio due to the slow reduction of unreacted oligomers, such protocols are limited by slow kinetics. An
excess of the activated block is therefore also recommended for diblock protocols with these oligomers.
However, protocols using an excess of the activated block will require purification of the diblocks. GFC
fractionation was proven useful for shorter oligosaccharide blocks but block specific solvents and other

purification methods deserve future attention.

The preparation of chitin-based block polysaccharides is limited by the low water-solubility of chitin, and
AnM oligomers are only water-soluble up to DP 9. Water-insoluble A,M oligomers were, however, shown
to react with PDHA in DMAC/LICI and hence, this solvent can serve as an alternative for the preparation

of chitin-based diblocks with longer water-insoluble chitin blocks.

The vicinal diol in the NRE residue of A,M oligomers was selectively oxidised by periodate. Both
aldehydes formed in the oxidised NRE residue were highly reactive towards PDHA and ADH and even
more reactive than the aldehyde of the M residue. Oxidised A,M oligomers activated by bivalent linkers at
both termini can therefore serve as precursor for the preparation of more complex block polysaccharides
(e.g. ABA- or ABC-type). However, limitations in the preceding oxidation step resulted in the presence of
unoxidised oligomers and the protocols need to be optimised to increase the degree of oxidation. A large
excess of linkers relative to aldehydes should also be used in optimised protocols to prevent the formation

of cyclic conjugates and obtain fully activated oxidised oligomers

By reacting the periodate oxidised A,M oligomers with a sub-stoichiometric amount of PDHA, a discrete
distribution of ‘polymerised’ oligomers was formed. These chitin-based block polysaccharides were, in
contrast to chitins of the same length, water-soluble. Hence, we have developed a relatively simple method
for the preparation of a new type of water-soluble chitin polymers without lateral modification. Even though
the method needs optimisation, the longest water-soluble AsM oligomers may retain intrinsic chitin
properties such as biodegradability and self-assembling properties and hence, such soluble chitin-based

polymers may be relevant for pharmaceutical and biomaterial applications.

To summarise, we have developed NaCNBHs- and aniline-free reductive amination protocols for the
terminal activation of chitin and chitosan oligosaccharides by PDHA and ADH. Activation by PDHA and
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ADH enables subsequent attachment of a second polysaccharide block to the free end of the bivalent linkers.
Initial experiments with other polysaccharides (e.g., dextrans, B-1,3-glucans, and alginates) show that
reactions with PDHA and ADH are versatile but conditions need to be adapted for each polysaccharide
system. The block coupling strategy developed here can therefore be used for the preparation of a range of
different chitin- and chitosan-based block polysaccharides where the intrinsic properties of the
polysaccharide blocks (e.g. biodegradability, biocompatibility, charge, flexibility, crystallinity etc.) are

retained.
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Appendix I: Preparation and activation of DM oligomers

Background

Fully de-N-acetylated oligomers with the highly reactive M residue (D,M) can be prepared by degradation
of chitosans with low Fa using a sub-stoichiometric amount nitrous acid (HONO). Such oligomers have
previously been used for the preparation of branched chitosans®. However, the purification of isolated D,M
oligomers can be troublesome due to reactions of the highly reactive M residues with the free amino groups
of the D residues, which can lead to self-branching through Schiff base formation and subsequent
degradation of the M residue (pH-dependent)?. Here, we attempted to prepare isolated D,M oligomers and
subsequently activate the oligomers by PDHA and ADH to compare their reactivity to the reactivity of fully
N-acetylated (AnM) oligomers (Paper I1).

Materials and methods

Chitosan with low Fa was an in-house sample prepared by extensive de-N-acetylation of chitin (Fa =
0.01). The chitosan (20 mg/mL) was dissolved in acetic acid (AcOH, 2.5 vol%) by stirring overnight.
Dissolved oxygen was removed by bubbling the solution with N gas for 15 minutes. After cooling the
solution to approx. 4 °C, solid NaNO; (0.22 moles HONO: mole D residues) was added directly to the
chitosan solution. The reaction mixture was agitated in the dark at 4 °C for 72 hours. The mixture of
oligomers was dialysed (MWCO = 100-500 Da) against MQ-water until the measured conductivity was <

2 puS/cm and freeze-dried.

DnM oligomers were fractionated according to degree of polymerization (DP) using the analytical gel
filtration chromatography (GFC) system described in Paper | and I1. Oligomer fractions were purified by
direct freeze-drying, to remove the volatile GFC-buffer (0.15 M AmAc-buffer, pH 4.5), or by dialysis (as
describe above) and characterized by *H-NMR as described for A,M oligomers in Paper I1. The activation
of DnM oligomers with PDHA and ADH was studied by course *H-NMR at pH 4.0, RT as described for

AnM oligomers in Paper Il.

The unfractionated mixture of DnM oligomers formed after depolymerisation was activated by PDHA and
ADH using the preparative protocol developed for AnM oligomers in Paper I1. The activated oligomers

were fractionated according to DP by GFC and purified by direct freeze-drying.

Dextran (Dextm) oligomers were obtained by acid hydrolysis and fractionated according to DP by GFC as
described in Paper Il. The activated D,M conjugates were reacted with Dextm oligomers using the

protocol described in Paper IlI.
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Results
Preparation of defined D,M oligomers

DnM were prepared by degradation of chitosan using a sub-stoichiometric amount of HONO and oligomers
of specific DP were obtained by subsequent GFC fractionation. Initially, direct freeze-drying was used to
purify the fractionated DM oligomers from the volatile GFC buffer (0.15 M AmAc-buffer, pH 4.5).
However, a close to complete loss of the M residues was observed by *H-NMR characterisation of the
oligomers after purification, and 5-hydroxymethyl-2-furfural (HMF) and chitosan oligomers with normal
reducing end (Dn) were formed (Figure Al.1b). The degradation of the M residue was attributed to the
increase in pH during the freeze-drying process as a result of water and acetic acid from the buffer
evaporating first, leaving ammonia?. The deprotonation of primary amine groups of the D residues at higher
pH enables reactions with the aldehydes of the M residues to form Schiff bases and a subsequent decrease

in pH resulted in the degradation of the M residues and formation of HMF.

To prevent the degradation of M residues, oligomer fractions were purified by extensive dialysis
(approximately 4 days) to remove buffer components, and the pH was adjusted to < 4.0 prior to freeze-
drying. This purification method resulted in a higher preservation of the M residues (Figure Al.1c), but still
30-50 % were degraded. Interestingly, the preservation of the M residues was higher for shorter oligomers
than for longer. Approximately 30, 40 and 50 % of the M residues were degraded in the DsM, DgM, and
D1:M fractions, respectively. Hence, the purification of D,M oligomers require an even longer dialysis step

to prevent the degradation of the M residue.
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Figure Al.1: 'H-NMR spectra of a) purified A,M oligomers with intact M residues, b) the DsM fraction
after purification by direct freeze-drying resulting in complete loss of the M residues, and c) the DsM

fraction after purification by extensive dialysis and subsequent freeze-drying with approx. 70 % intact M
residues.

Activation of D,M oligomers by PDHA and ADH

Purified DsM oligomers (70 % intact M residues) were activated by PDHA and ADH using the protocol
described for AsM oligomers in Paper Il (pH 4.0, 2 equivalents linker relative to oligomer, RT) and the
amination and reduction were studied separately by time course *H-NMR. The high reactivity observed for
the M residue of A,M oligomers was confirmed for the D,M oligomers and Schiff base equilibriums (> 90
% yield of conjugates) were obtained in < 4 hours. The H1, M gem-diol resonance was completely
disappeared from the *H-NMR spectrum at equilibrium (Figure AL.2). The H1 (a- and B-red.) resonances
from the reducing end D residues formed upon M degradation were, however, unaffected, confirming the
low reactivity of D residues described in Paper I. The relative ratio of (E)-:(Z)- oximes/hydrazones was
approx. 3:1 and 8:1 for the reaction with PDHA and ADH, respectively, in good compliance with the

reactions with A,M oligomers (described in Paper II).

Subsequent reduction of the Schiff bases formed with D,M oligomers by PB was studied and compared to
the equivalent reactions with A,M oligomers (3 equivalents PB, pH 4.0, RT) revealing identical reduction
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kinetics. The kinetics for the reduction of the unreacted D,M oligomers was also close to equal to the

reduction of A,M oligomers under the same conditions.

a)
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I H1 e
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b)
(E)-hydrazone
H1,
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\
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Figure Al.2: 'H-NMR spectra of a) the equilibrium mixture obtained for reaction of the D3M fraction
with 2 equivalents PDHA, b) the equilibrium mixture obtained for reaction of the D3sM fraction with 2
equivalents ADH c) the DsM fraction prior to activation.

Alternative activation strategy for D,M oligomers

We proposed that protection of the highly reactive aldehyde of the M residue could prevent its degradation
during purification. As an alternative approach, the mixture of D,M oligomers was therefore activated by
PDHA and ADH using an excess of the linkers prior to fractionation by GFC. This method preserved the
M residues and provided fully activated D,M oligomers, however, with a broad DP distribution. Due to the
masking of the M aldehyde, purification after subsequent GFC fractionation was performed by direct
freeze-drying. In addition to protect the M residue from degradation, this alternative approach is time saving
as it combines the purification of conjugates from excess PDHA or ADH and the isolation of conjugates

with specific DP and can therefore also be applicable for other oligomers.
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DnM-based block polysaccharides

Due to the high reactivity of the M residue, defined A,M oligomers can be used as the second block for the
preparation of block polysaccharides, however, using an excess of the first block to prevent reduction of
unreacted oligomers (discussed in Paper II). A similar strategy can be relevant for D,M oligomers.
However, this is only applicable if an unfractionated mixture of oligomers is used (due to the current
purification issues) and the pH of the reaction is below pK, of the amino groups (to prevent self-branching
and subsequent degradation of the M residues). If D,M oligomers of defined DP are desired, the alternative
approach should be applied to form activated (protected) D,M oligomers. In this case, the defined D,M
conjugates need to serve as the first block for the preparation of block polysaccharides. D,M-b-Dextm block
polysaccharides were successfully prepared using this approach and the protocols developed for the
preparation of A;M-b-Dextn described in Paper I1.

Conclusions

DnM oligomers where shown to have the same high reactivity as observed for A,M oligomers when
activated by PDHA and ADH (amination). The kinetics of the subsequent reduction of the conjugates
formed with DM was also identical to the reduction of A,M conjugates. Hence, both the amination and
reduction are clearly dependent on the chemistry of the M residue, but independent of the composition (Fa)
of the oligomers. Due to the degradation of the M residue during purification of isolated D,M oligomers,
an alternative approach was applied for these oligomers where the activation of oligomers by PDHA and
ADH was performed prior to isolation and purification. This approach is time saving and provides activated
oligomers of specific DP with only one purification step. However, it prevents the use of D,M oligomers

as the second block for the preparation of block polysaccharides.
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Appendix I1: Preparation and activation of B-1,3-glucan oligomers

Background

-1,3-linked glucans with a low number of B-1,6-linked branches can be extracted from the cell wall
Saccharomyces cerevisiae. Such p-glucans are water-soluble and are conveniently called soluble B-glucans
(SBGs). In collaboration with the company Biotech BetaGlucans®, we prepared SBG oligomers of defined
DP (SBGy, n = DP). The SBG, oligomers were activated by ADH and PDHA and results were compared
to the activation of the a-1,6-linked dextran (Dextm) oligomers (Paper Il) to study if the geometry of the
internal linkages would affect the reactivity of oligomers exclusively composed of glucose (Glc) residues.

Preparative protocols for activation of SBG,and Dextr, were also developed.
Materials and methods

Materials
A heterogenous sample of very low molecular weight (VLM)-SBG (M, = 9.1 kDa, DP, = 56, Mw/M, =
3.8), obtained by acid hydrolysis of B-1,3-linked glucans isolated from the cell wall of Saccharomyces

cerevisiae, was provided by Biotech BetaGlucans®.

Methods

VLM-SBG (5 mg/mL) was dissolved in sulfuric acid (H2SO4, 0.1 M) and hydrolysed in a water bath (99°C)
for 75 minutes to obtain a mixture of shorter SBG,, oligomers. The hydrolysate was neutralised and freeze-
dried and SBG, oligomers were fractionated according to degree of polymerization (DP) using the
analytical gel filtration chromatography (GFC) system described in Paper | and Il. Oligomer fractions
were purified by direct freeze-drying to remove the volatile GFC-buffer (0.1 M AmAc-buffer, pH 6.9) and
purified oligomers were characterized by H-NMR as described in Paper Il. The activation of SBG,
oligomers with PDHA and ADH, and kinetic studies of the amination and the one pot reductive amination

by time course *H-NMR was performed as described in Paper 1 and I1.

Preparative protocols for the activation of SBG, and Dextm oligomers by PDHA and ADH were developed

based on the methods described in Paper 1.

Results

Preparation of defined SBG, oligomers

The mixture of SBG, oligomers obtained by acid hydrolysis of VLM-SBG sample was fractionated

according to DP using GFC. The chromatograms obtained for fractionation of hydrolysate and the VLM-
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SBG prior to degradation sample are given in Figure All.1a and b, respectively. The DP (represented by #
in Figure All.1a) and the degree of branching of the isolated SBG oligomers was determined by *H-NMR
characterisation. The oligomers were shown to have low degree of branching (e.g. 0.020 for SBGs), due to
the repeated acid hydrolysis steps during the oligomer preparation.
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Figure All.1: GFC fractionation of a) the hydrolysate with shorter SBG,, (# = DP) oligomers and b) the
SBG-VLM sample prior to hydrolysis.

Activation of SBG, oligomers by PDHA and ADH

Activation (amination) of SBGs oligomers by PDHA or ADH (2 equivalents, pH 4.0, RT) was studied by
time course *H- NMR as described earlier for A\M, DnXA and Dextn, oligomers (Paper | and Paper 11).
Kinetic data obtained for the reactions are presented in Table All.1. The reactions were compared to the
equivalent reactions performed with Dexts oligomers (data from Paper | included in Table All.1).
Interestingly, SBGs oligomers reacted slightly faster with both PDHA and ADH and gave also slightly

higher combined equilibrium yields.
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Table All.1: Kinetic data obtained for the amination reactions of SBGs or Dexts oligomers with PDHA or
ADH (2 equivalents) studied by time course *H-NMR.

Reaction pH T Ratio tos too ky ka Combined
[°C] acycl..cycl. [h]  [h] [hY] [hY] equilibrium yield
(%]
SBGs-PDHA 4.0 RT 5.1:1 1.8 71 1.1x10% 1.5x10? 94
Dexts-PDHA 4.0 RT 4.3:1 2.2 8.6 8.0x10° 2.0x107? 90
SBGs-ADH 4.0 RT 1:44 12 42 7.1x10° 2.3x10? 49
Dexts-ADH 4.0 RT 1:41 19 6.4 3.5x10° 1.9x10? 38

Reductive amination of SBG, oligomers with PDHA and ADH was performed as conventional one pot due
to the slow reduction of Dexty oligomers. Reactions with SBG4, and for comparison Dexts, were studied
by time course *H-NMR as described earlier for D,XA oligomers (Paper 1) using 2 equivalents of the
linkers and PB (3 equivalents) as the reductant. In contrast to the amination reactions, the one pot reductive
amination reactions were evidently slower for SBG, oligomers than for Dextm oligomers with both PDHA
and ADH (Figure All.2). Interestingly, the rates for the reductive amination reactions of SBG, with PDHA
and ADH were almost the same, whereas the rate for the reductive amination of Dextn with ADH was
slower than for the reaction with PDHA (Figure All.2).
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—a— Dext,-ADH —a—SBG,-ADH

Figure All.2: Comparison of the reaction kinetics for the one pot reductive amination of Dexts and SBG4
with 2 equivalents ADH or PDHA using 3 equivalents PB at pH 4.0, RT.
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Preparative protocols for the activation of SBG, and Dextm oligomers by PDHA and ADH

Preparative protocols for the one pot reductive amination of SBG, and Dextn, with PDHA and ADH were
developed using oligomers of higher DP. SBG, and Dextr, oligomers of DP 9 and 10 (n/m =9 or 10) were
reacted with PDHA and ADH, respectively, however, using a lower concentration of oligomers (10.05 mM)

compared to the time course *H-NMR experiments due to the reduced solubility of longer polysaccharides.

The rates were improved using a higher temperature (40 °C), a large excess of linkers (10 equivalents) and
20 equivalents of PB. The reactions were performed in deuterated NaAc-buffer and the reaction mixtures
were characterised by *H-NMR after 24, 48 and 72 hours.

Dexts-PDHA conjugates were completely reduced after 24 hours, and the reduction of the Dextio-ADH
conjugates was complete after 48 hours. SBG, conjugates were in contrast completely reduced after 72
hours with both linkers. Subsequent GFC fractionation of the reaction mixtures provided fully reduced and
purified SBG, and Dextn conjugates (confirmed by *H-NMR characterisation). The *H-NMR spectrum of
purified SBG1o-ADH conjugates is given in Figure All.3.

Even though a large excess (10 equivalents) of PDHA or ADH was used in the reactions, a significant
fraction of di-substituted linkers was formed in all reactions (e.g. chromatogram included in Figure All.3).
The results support the previous findings of a higher rate for the second attachment of oligomers to the
bivalent linkers (PDHA and ADH) and hence, a higher amount of diblocks formed than statistically

expected (discussed in Paper I1).
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Figure Al1.3: *H-NMR spectrum of the SBG10-ADH conjugate after GFC fractionation and purification.
BB = Back bone, Bp = branching point, Sc = side chain.

_

Conclusions

Compared to Dextn oligomers, SBG, oligomers of the same DP reacted slightly faster with both PDHA and
ADH (amination). The one pot reductive amination using PB was in contrast slower SBG, oligomers with
both linkers compared to the Dexty oligomers. Hence, even though dextran and SBG both are glucans
exclusively composed of glucose residues, the results show that the geometry of the internal linkages of the
glucan backbones (a-1,6- for Dextm and B-1,3- for SBG,) affects the reactivity of the reducing end residue.
Preparative one pot reductive amination protocols were developed for longer Dextm and SBG, oligomers

with both linkers, only differing in the time needed to obtain fully reduced conjugates.
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Appendix I11: De-N-acetylation of AnM conjugates

Background

The tuneable positive charge makes chitosan highly relevant for the preparation of block polysaccharides.
Unfortunately, we have shown that the D residues at the reducing end of CHOS have low reactivity towards
PDHA and ADH compared to A residues, which in turn have much lower reactivity than M residues at the
reducing end of CHOS prepared by nitrous acid depolymerisation (Paper | and Paper Il). Hence, chitosan
oligomers with the highly reactive M residue is preferred for the preparation of block polysaccharides.
However, as discussed in Appendix I, the preparation of defined D,M oligomers can be troublesome due
degradation of the M residue. As an alternative approach, we therefore attempted to prepare PDHA and
ADH activated chitosan conjugates by de-N-acetylation of premade A.M conjugates, hence, taking
advantage of the high reactivity of the M residue for the preparation of conjugates without the limitations

of slow kinetics (for the A and D residues) and M degradation.
Methods

PDHA and ADH activated A,M conjugates (A.M-PDHA/ADH) were prepared and purified by the methods
described in Paper I1. Purified A,M conjugates or unreacted A,M oligomers (5 mg/mL) were subjected to
de-N-acetylation in 2.77 M NaOH for 48 h at room temperature (RT) or at 40°C. The de-N-acetylation was
terminated by neutralisation and the reaction mixtures were subsequently dialysed (MWCO = 100-500 Da)
against MQ-water until the measured conductivity was < 2 pS/cm and freeze-dried. Fractionation of the
reaction mixtures by gel filtration chromatography (GFC) and characterisation of the reaction mixture or
isolated conjugates by *H-NMR and MS were performed as described in Paper I and 11.

Results
De-N-acetylation of AsM oligomers

De-N-acetylation of unreacted A,M oligomers at RT was first attempted, but the reaction resulted in
degradation of the M residue, evident by the disappearance of M resonances in the *H-NMR spectrum. This
may have been caused by reaction of the pending M aldehyde with the unprotonated free amine groups of
the D residues formed upon de-N-acetylation leading to degradation of the M residue and the formation of
HMF when pH was reduced under neutralisation (discussed in Appendix I). However, new reducing end
resonances were absent from the spectrum, suggesting a more destructing degradation mechanism. De-N-

acetylation of unreacted A;M oligomers was therefore excluded as a method to prepare chitosan oligomers.
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De-N-acetylation of A,M conjugates at RT

We proposed that protection of the highly reactive aldehyde of the M residue could prevent its degradation
during de-N-acetylation, as observed for the D,M oligomers in Appendix I. De-N-acetylation of A;M-
PDHA and A;M-ADH conjugates was therefore first attempted at RT. Characterisation of the reaction
mixtures by *H-NMR revealed the presence of characteristic conjugate resonances after treatment with
NaOH (shown for A,M-PDHA in Figure Alll.1). However, the H1, M secondary amine resonances were
of higher complexity after the de-N-acetylation and new resonances from D residues were present in the
spectra. The characteristic resonance resulting from H2, D was separated from the H1, M secondary amine

resonances at higher pH (Figure Alll.1 c).
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Figure All1.3: *H-NMR spectra of a) the A,M-PDHA conjugate prior to de-N-acetylation, b) and c) the
mixture of conjugates formed after de-N-acetylation of A,M-PDHA (2.77 M NaOH, 48 hours, RT) at pH
5.8 and 13.5, respectively.

Subsequent GFC fractionation of the reaction mixtures and characterisation of the fractions by 'H-NMR
revealed three major products; unaffected A,M-PDHA or -ADH conjugates, chitosan conjugates with one
D residue and fully de-N-acetylated conjugates (Figure Alll.2). The yield of each conjugate was obtained
by integration of the chromatograms. The relative yields (%) of conjugates were close to identical for the
two reactions suggesting that the rate of de-N-acetylation of the oligomers was independent on the linker

attached to the reducing end.
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Figure Alll.2: GFC fractionation of the mixture of products formed in the de-N-acetylation of a) A;M-
PDHA and b) A;M-ADH in 2.77 M NaOH for 48 hours at RT.

De-N-acetylation of AsM conjugates at higher temperature

De-N-acetylation of A,M-PDHA was further studied at higher temperature (40°C) to improve the protocol.
After 48 hours, only a small fraction of unreacted chitin conjugates (A.M-PDHA, <6 %) was present in the
reaction mixture. Chitosan conjugates with one D residue (DAM-PDHA/ADM-PDHA) and fully de-N-
acetylated conjugates (D.M-PDHA) accounted for 24 and 47 % of the fractions, respectively. The
remaining 23 % was a mixture shorter de-N-acetylated conjugates, suggesting a concurrent

depolymerisation of the oligomers as a result of too harsh conditions.
Stability of the free end of the linkers during the de-N-acetylation of conjugates

The unaffected A,M-ADH from the de-N-acetylation at RT was reacted with AsM to study the stability of
the free end of the linker. The formation of diblocks suggested that the linker was intact. However, MS
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characterisation of all the purified conjugates obtained after de-N-acetylation revealed loss of a -NH group.
The loss of a -NH group could in theory be caused detachment of the free amino group after de-N-
acetylation. This theory was, however, rejected since the loss also was observed for the unaffected chitin
conjugates (A;M-PDHA or -ADH). Without further investigation, we postulate that the -NH group is
detached from the free end of the linkers (PDHA or ADH) during the reaction. The reactivity of the A,M-
ADH conjugate after the de-N-acetylation can be explained by the loss of the outermost free amine group
resulting in an amide group at the free end of the linker which still can react with the pending aldehyde of
the M residue. The loss of a -NH group at the free end of PDHA will, in contrast, result in an inactive -OH

end group which prevents subsequent reactions of the de-N-acetylated conjugates.
Alternative protocol for the preparation of chitosan-based diblocks

Based on the abovementioned results we postulate that the structure of A,M based-diblocks, where
oligomers are attached to both ends PDHA and ADH, can prevent linker degradation during de-N-
acetylation since the secondary amine linkages were shown to be stable. Hence, chitosan diblocks or
chitosan-based diblocks can be prepared by de-N-acetylation of chitin diblocks (AnM-b-MA,) or chitin-
based diblocks (AsM-b-X, where X is another oligo- or polysaccharide), respectively. However, due to time

limitations, this approach was not studied.
Conclusions

De-N-acetylation of premade chitin (AsM) conjugates resulted in chitosan conjugates. PDHA and ADH
efficiently protected the M residue from degradation during de-N-acetylation, but the harsh conditions
resulted in the loss of a -NH group from the free end of the linkers. The secondary amine linkages of the
conjugates were, however, stable throughout the de-N-acetylation. We therefore postulate that chitosan-
based diblocks can be prepared by de-N-acetylation of premade chitin-based diblock structures, which
protects the M residue and the free end of the linkers during the reaction. The conditions (temperature, time)

for the de-N-acetylation also need to be optimised to prevent concurrent depolymerisation of the oligomers.
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Appendix 1V: Chitin-based diblocks from water-insoluble AsM oligomers

Background

Chitin has low water-solubility, and chitin oligomers prepared by nitrous acid depolymerisation of chitosan
(AnM) are only water-soluble up to DP 9 (n = 8). The water-solubility of chitin may, however, be improved
by conjugation to a highly water-soluble polysaccharide. We therefore attempted to prepare dextran-b-
chitin block polysaccharides by conjugating the insoluble fraction of chitin oligomers (AxM, n > 8),
obtained in the degradation of chitosan using an excess nitrous acid (Paper I1), to highly water-soluble
dextran chains activated by ADH, assuming the high reactivity of the M residue would promote conjugation
of the insoluble chitin oligomers to the free end of the linker. ADH was chosen as linker between the blocks
since the reduction of hydrazones formed with A,M oligomers is much faster than the corresponding oximes
formed with A,M and PDHA (Paper I1).

Chitin is soluble in dimethyl acetamide (DMAc) containing a few percent LiCI* 2 and an oxyamine linked
fluorescent probe has been coupled to intra-chain carbonyls of oxidised cellulose in DMAGC/LICI®. Based
on these results we suggested that reactions with PDHA and water-insoluble A,M oligomers could possibly
be performed in this solvent. We therefore performed an initial experiment with A,M oligomers and PDHA
in DMAC/LICI as an alternative approach to form chitin-based block structures.

Methods
Preparation of dextran-b-chitin diblocks with water-insoluble A,M oligomers

Dextran samples were prepared by acid hydrolysis as described in Paper 11, however, with as shorter
degradation time to obtain samples of higher DP,. The unfractionated hydrolysates were subjected to
activation by ADH (one pot reductive amination, 10 equivalents ADH, 20 equivalents PB, pH 4.0, 40°C, 4
days). The reaction mixtures were fractionated by GFC to remove unreacted ADH and obtain Dextn-ADH
samples with a narrower chain length distribution and the conjugate samples were characterised by 'H-
NMR to determine the DP;, by the methods described in Paper I and I1.

Dextn-ADH conjugates were reacted with the water-insoluble fraction of A\M oligomers (A:M, n > 9). Due
to the inability to characterise this fraction, we assumed a DP,, of 12. The heterogenous reaction mixture of
Dextn-ADH and insoluble AsM (2 equivalents) was reacted for 24 hours prior to addition of PB (20
equivalents) and reduced for 24 hours (a total reaction time of 48 hours) at pH 4.0, RT using the methods
described in Paper I1. The insoluble fraction was removed by centrifugation and the soluble fraction was
purified by dialysis, freeze-dried, and subsequently characterised by *H-NMR.
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Preparation of chitin-based diblocks in DMACc/LICI

AsM-PDHA conjugates (fully reduced) were prepared using the methods described in Paper Il. The AsM-
PDHA conjugates were reacted with an equimolar amount of A4M in in DMAC/LICI (8%) for 48 hours at
40°C. The reaction mixture was subsequently diluted with an equal amount of H>O and dialysed against
water, keeping the pH above 6 to avoid oxime hydrolysis*. The freeze-dried reaction mixture was dissolved
in D,0 and characterised by *H-NMR.

Results
Preparation of dextran-b-chitin diblocks with water-insoluble A,M oligomers

Two different Dextm-ADH conjugate samples (m = 80 or 340), where m represents the DP,, determined by
'H-NMR characterisation, were reacted with the insoluble fraction of A,M oligomers to study the potential
effect of the chain length of the Dextm block. The Dext,-ADH samples were fully reduced as shown for
Dextso-ADH in Figure AIV.1b.

'H-NMR characterisation of the soluble fractions obtained after the homogenous reaction of the Dextm-
ADH with the insoluble A;M oligomers, revealed weak resonances from H1, A internal and resonances
from the N-acetyl protons (CHs, -Ac, A) suggesting the presence of A,M oligomers in the sample (Figure
AlV.1c for the reaction with Dextso-ADH). A slight increase in the complexity of the resonances resulting
from the H1, secondary amine protons also indicated formation of new secondary amine linkages,
suggesting conjugation of A,M to the free end of ADH. However, integration of the spectra was limited by

low resolution and we were therefore not able to draw conclusions from these results.

Interestingly, the weight of the soluble fractions after freeze-drying was reduced compared to the wight of
the Dextm-ADH samples before reaction. The results therefore indicate that the insoluble A,M oligomers
have reacted with Dext,-ADH, but without the Dextn, fraction being able to solubilise the chitin blocks
(observed for both samples independent of DP, of the Dextm block).
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Figure AIV.1: *H-NMR spectra of a) a purified AsM-ADH conjugate, b) the Dexts;-ADH sample prior
to conjugation and c) the soluble fraction from the reaction of Dextso-ADH with insoluble A,M oligomers
(2 equivalents).

Preparation of chitin-based diblocks in DMACc/LICI

All AxM fractions, including the water-insoluble fraction, were soluble in DMAC/LICI. The reaction
mixture obtained after reacting AsM-PDHA (fully reduced) with an equimolar amount of AsM (without
reducing agent) in DMAC/LICl was dissolved in DO and characterised by *H-NMR (Figure AIV.2). The
conjugation of AsM to the free end of PDHA was confirmed by the presence of resonances resulting from
H1, E- and Z-oximes at approx. 7.5 and 6.8 ppm, respectively, from which an equilibrium yield of > 95 %
was estimated. The yield of oximes is higher than the yield obtained in aqueous solvent under the same
conditions (equimolar amount of the A,M blocks) suggesting that DMACc/LiCl serve as a better solvent for
these reactions. The oximes can subsequently be reduced by PB or another reducing agent (e.g. NaBH3) to

prepare stable secondary amine linkages.

These preliminary results indicate that DMAC/LICI is a viable solvent for reactions with water-insoluble
AqnM oligomers and PDHA. Further we propose that the solvent can be used for reactions of water-insoluble

AsM oligomers with other oligo- or polysaccharides activated with PDHA which are soluble in
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DMAC/LICI, e.g. dextran and B-1,3-glucans, for the preparation of diblock structures. Forthcoming studies
will include a more detailed Kkinetic analysis by time course *H-NMR (using deuterated DMAC) and
systematic studies of conjugates with longer (water-insoluble) A,M oligomers. This work will be carried

out in a master project (T. Muren, NTNU) after the submission of this thesis (spring 2021).
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Figure AIV.2: *H-NMR spectrum of a) unreacted AsM, b) A;M-PDHA conjugate prior to reaction, c)
AsM-PDHA=MA diblock a after reaction in DMAC/LiCl where the = indicates unreduced E/Z oximes.

Conclusions

Our preliminary results suggest that the highly reactive M residue of the water-insoluble A,M oligomers
can react with the free end of ADH under heterogenous conditions. However, the results also indicate that
the conjugation of the AsM oligomers to the free end of ADH reduce the solubility of the Dextn-ADH
blocks, instead of increasing the solubility of the water-insoluble A,M oligomers. These results need to be
verified by characterisation of the water-insoluble fraction. However, if water-insoluble dextran-b-chitin
diblocks are formed, these may serve as precursors for the preparation of dextran-b-chitosan block

polysaccharides by de-N-acetylation of the chitin block as suggested in Appendix I11.

Based on the preliminary study, DMAC/LIiCI seems to be a very promising solvent for the preparation of
diblock structures with water-insoluble A,M oligomers and PDHA as the linker between the blocks. The
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approach produces oximes in high yields, even with equimolar amounts of the blocks. Reactions with water-

insoluble A;M oligomers in DMAC/LICI will be studied in detail in the near future.
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Reducing end activation of poly- and oligosaccharides by bifunctional dioxyamines and dihydrazides enables
aniline-free and cyanoborohydride-free conjugation to aldehyde-containing molecules, particles and surfaces
without compromising the chain structure. Chitosans are due to their polycationic character, biodegradability,

Keywords: and bioactivity important candidates for conjugation. Here, we present a kinetic and structural study of the
Carbohydrates conjugation of a dioxyamine and a dihydrazide to enzymatically produced chitooligosaccharides ranging from
Chitf’sa"_ N,N’-diacetylchitobiose to a decamer, all having N-acetyl p-glucosamine at the reducing end. Conjugation of the
:I(;];J:;i?::: dioxyamine resulted in mixtures of (E)- and (Z)-oximes and f-N-pyranoside, whereas the dihydrazide yielded
Oxyamines cyclic N-glycosides. Reaction kinetics was essentially independent of DP. Stable secondary amines were in both

cases obtained by reduction with a-picoline borane, but higher temperatures were needed to obtain acceptable
reduction rate. Comparison to dextran oligomers shows that the nature of the reducing end strongly influences

the kinetics of both the conjugation and reduction.

1. Introduction

Chemical modification of carbohydrates is commonly performed to
change their properties for various applications. However, optimal re-
tention of their intrinsic properties requires reactions at the chain ter-
mini (terminal conjugation) rather than traditional lateral substitution.
Reaction at the reducing end is the dominating method for terminal
modification (Novoa-Carballal &  Miiller, 2012; Schatz &
Lecommandoux, 2010), where the hemiacetal-aldehyde equilibrium
enables aldehyde-based reactions for the conjugation to other mole-
cules, particles and surfaces. Among chemical modification methods,
alkyne/azide click chemistry (Breitenbach, Schmid, & Wich, 2017;
Rosselgong et al., 2019), thioacetylation (Pickenhahn et al., 2015), and
reductive amination using oximes (Novoa-Carballal & Miiller, 2012) or
hydrazones (Kolmel & Kool, 2017) are the most common. It may be
noted that the alkyne/azide click chemistry approach also depends on
an initial reductive amination step with alkyne- or azide-bearing
amines.

Amines, oxyamines and hydrazides can react with aldehydes to form
Schiff bases (imines, oximes and hydrazones), normally combined with

* Corresponding authors.

subsequent reduction to form stable secondary amines (Fig. 1). Oxya-
mines and hydrazides have higher nucleophilicities compared to
amines (Fina & Edwards, 1973), and can efficiently conjugate to the
reducing end of carbohydrates (Baudendistel, Wieland, Schmidt, &
Wittmann, 2016; Hermanson, 2008; Kwase, Cochran, & Nitz, 2013; Lee
& Shin, 2005; Novoa-Carballal & Miiller, 2012). They also increase the
hydrolytic stability of the formed Schiff bases (oximes and hydrazones),
and their low basicity allows them to form under acidic conditions
(Kalia & Raines, 2008). Oxyamines tend to form acyclic oximes with
carbohydrates, both in the (E)- and (Z)-configuration, in equilibrium
with cyclic N-glycosides (Fig. 1) (Kwase et al., 2013). The relative
distribution of conjugates depends on the chemistry of the reducing end
residue (Baudendistel et al., 2016). Hydrazides, on the other hand,
predominantly form N-glycosides when conjugated under acidic con-
ditions (Lee & Shin, 2005; Shinohara et al., 1996). Hence, oxyamines
and hydrazides can be used to form pH-sensitive carbohydrate-based
conjugates or fully stable conjugates by reduction to secondary amines.

Aniline may be an effective catalyst in reactions with both amines
(Guerry et al., 2013), oxyamines (Dirksen, Hackeng, & Dawson, 2006;
Thygesen et al., 2010) and hydrazides (Dirksen & Dawson, 2008). It
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Fig. 1. Reaction of the free aldehyde at the reducing end of carbohydrates with amines and the subsequent reduction of the Schiff bases to form stable secondary

amines. p-glucopyranose is here shown as example.

can, however, give side products (Guerry et al., 2013; Thygesen et al.,
2010) and its toxicity may raise HSE and environmental concerns.
Hence, aniline-free protocols are sometimes preferred.

Chitin is a highly abundant polysaccharide, found in e.g. the exos-
keleton of crustaceans, insects, squid pens, and in the cell wall of some
bacteria and fungi. It is a high molecular weight, crystalline, water-
insoluble polymer consisting exclusively of 1,4-linked N-acetyl-p-glu-
cosamine (GlcNAc, A) residues. Partial de-N-acetylation of chitin pro-
vides chitosan with varying amounts of p-glucosamine (GlcN, D)
(Fig. 2a). Chitosans are commonly described by the fraction of residual
A residues (F,) (Varum, Antohonsen, Grasdalen, & Smidsred, 1991)
following de-N-acetylation (Supporting information, S1). Chitosans are
the only polycationic polysaccharides which can be isolated from bio-
mass and they are widely studied because of their (pH dependent) ca-
tionic properties, which can be utilised in polyelectrolyte complexes
with e.g. DNA for transfection (Strand, Danielsen, Christensen, &
Varum, 2005), antimicrobial activity (Mellegard, Strand, Christensen,
Granum, & Hardy, 2011), bioadhesive properties biocompatibility, and
biodegradability.

Nitrous acid degradation of chitosan is a standard route to prepare
chitooligosaccharides with a reactive 2,5-anhydro p-mannose (M) re-
sidue at the reducing end (Allan & Peyron, 1995; Moussa, Crepet,
Ladaviere, & Trombotto, 2019; Tgmmeraas, Varum, Christensen, &
Smidsrgd, 2001). However, oligomers of the type D,M (where n is the
number of contiguous uninterrupted p-units) can only be obtained from
100 % de-N-acetylated chitosans, which require extensive de-N-

acetylation. In contrast, chitooligosaccharides of the type D,XA (where
X is either D or A) may me more relevant from a biorefinery point of
view because they can be obtained by enzymatic degradation of chit-
osans using specific chitinases such as chitinase B (ChiB) from Serratia
marcescens (Sorbotten, Horn, Eijsink, & Varum, 2005). The unin-
terrupted D, sequences allow for cooperative, preferentially electro-
static, interactions with other molecules, in contrast to sequences with
randomly positioned A residues. Residues of A at the reducing end are
also preferred over D residues because of the poorer reactivity of the
latter (Beaudoin, Gauthier, Boucher, & Waldron, 2005; Guerry et al.,
2013). Further, the N-acetyl group of the terminal A residue provide a
particularly useful marker in chemical analyses, besides allowing direct
comparison to previous work based on monomeric A and the AA dimer
(Baudendistel et al., 2016).

In the present work, we study in detail the conjugation of a diox-
yamine, O,0’-1,3-propanediylbishydroxylamine (PDHA, Fig. 2b) and a
dihydrazide, adipic acid dihydrazide (ADH, Fig. 2b) to D,XA chit-
ooligosaccharides. All steps in the conjugation (amination) reactions
with oxyamines and hydrazides are reversible, and the stability of the
conjugates may vary considerably (Kwase et al., 2013). We have
therefore further studied the oxime/hydrazone reduction using o-pi-
coline borane (PB, Fig. 2b). PB is a relatively new and so far little de-
scribed reducing agent, introduced as a green and less hazardous al-
ternative to sodium cyanoborohydride (NaCNBH3) (Cosenza, Navarro,
& Stortz, 2011; Dalheim et al., 2016). PB has been applied for labelling
of oligosaccharides and glycans by reductive amination, leading to

a) CHITIN CHITOSAN
CH,OH o NHAc De-N-acetylation CH,OH o NH, .
0 HO e e o HO
HO 0 d HO 0 g
NHAc CH,OH NH, CH,OH
N-acetyl-D-glucosamine (A) D-glucosamine (D)
)
b) !|3H3
H
/O\/\/o\ HZN\ N\ g\
H,N NH, N NH,

PDHA

0 F

ADH PB

Fig. 2. a) Conversion of chitin to chitosan by partial or complete de-N-acetylation. Residues are conveniently abbreviated A (N-acetyl-p-glucosamine) and D (p-
glucosamine). The fraction of unmodified A residues (F,) is used for characterization of the chitosan, and complete de-N-acetylation, as shown, gives F5 = 0. b)
Structures of 0,0’-1,3-propanediylbishydroxylamine (PDHA), adipic acid dihydrazide (ADH) and a-picoline borane (PB).
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equal or even better reducing efficacies compared to NaCNBHj;
(Cosenza et al, 2011; Fang, Qin, Ma, & She, 2015; Ruhaak,
Steenvoorden, Koeleman, Deelder, & Wuhrer, 2010, 2010b; Unterieser
& Mischnick, 2011). Moreover, PB can be employed under both aqu-
eous and non-aqueous conditions, which is advantageous for reactions
with carbohydrates (Ruhaak, Zauner et al., 2010). Reduction is also a
means to tailor the properties of the conjugates, as charge/pK, and local
flexibility are generally different for the reduced and unreduced forms.

Here, we show that chitooligosaccharides react in rather different
ways with PDHA and ADH, both in terms of kinetics, yields and se-
lectivity. The same applies to the reduction by PB. We also show that
the rate of conjugation and reduction depend significantly on the nature
of the reducing end residue by comparing the chitooligosaccharides to
dextran oligomers. Taken together the findings provide a solid basis for
selecting optimal aniline-free and cyanoborohydride-free protocols for
the preparation of dioxyamine and dihydrazide activated chit-
ooligosaccharides (with and without reduction).

2. Experimental section
2.1. Materials

The chitosan (F4 = 0.25, [n] =420 g/mL) was an in-house sample
prepared by de-N-acetylation of chitin. Chitinase B (ChiB, Serratia
marcescens) was kindly provided by Prof. Vincent G. H. Eijsink, NMBU,
Norway. N,N’-diacetyl chitobiose (AA), adipic acid dihydrazide (ADH),
0,0’-1,3-propanediylbishydroxylamine dihydrochloride (PDHA) and 2-
methylpyridine borane complex (a-picoline borane, PB) were obtained
from Sigma-Aldrich. All other chemicals were obtained from commer-
cial sources and were of analytical grade.

2.2. Preparative gel filtration chromatography (GFC)

The preparative gel filtration system was composed of two Superdex
30 (prep. grade) columns (BPG 140/950, 140mm x95cm, GE
Healthcare Life Sciences) connected in series, continuously eluting
ammonium acetate (AmAc) buffer (0.15M, pH 4.5) with a flow rate of
30 mL/min. Samples (0.5-3 g) were dissolved in buffer and injected
into the system. The fractionation was monitored by an on-line re-
fractive index (RI) detector (SHODEX R1-102). Fractions (160 mL/
flask) were collected (Super Frac, Amersham Biosciences) and pooled
according to elution times. The pooled fractions were reduced to ap-
propriate volumes, dialyzed (MWCO = 100-500) against MQ-water
until the measured conductivity of the water was < 2 uS/cm and
freeze-dried.

2.3. Analytical gel filtration chromatography (GFC)

The analytical gel filtration system was composed of three Superdex
30 (prep. grade) columns (Hiload 26/60, 26 mm x60cm, GE
Healthcare Life Sciences) connected in series, continuously eluting
AmAc buffer (0.15M, pH 4.5 or 0.1 M, pH 6.9) with a flow rate of
0.8 mL/min. Samples (5 — 100 mg) were dissolved in buffer and injected
into the system. The fractionation was monitored by an on-line RI-de-
tector (SHODEX R1-101). Fractions (3.2 mL/tube) were collected (LKB
2111 Multirack KS1) and pooled according to elution times. The pooled
fractions were reduced to appropriate volumes, dialyzed
(MWCO = 100-500) against MQ-water until the measured conductivity
of the water was < 2 puS/cm and freeze-dried.

2.4. NMR spectroscopy

Samples were dissolved in D,O (450 —600 pL, approx.10 mg/mL)
and adjusted to target pD with DCl /NaOD. For some samples, 1 %
sodium 3-(trimethylsilyl)-propionate-d, (TSP, 3uL) was added as an
internal standard. Samples for the time course NMR experiments were
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prepared in deuterated NaAc-buffer (500 mM, pH = 3.0, 4.0 or 5.0,
2mM TSP).

All homo and heteronuclear NMR experiments were carried out on a
Bruker Ascend 400 MHz, ultra-shielded 600 MHz or Ascend 800 MHz
spectrometer (Bruker BioSpin AG, Féllanden, Switzerland) equipped
with Avance III HD electronics and a 5mm SmartProbe with z-gra-
dients, a 5 mm cryogenic CP-QCI z-gradient probe or a 5 mm z-gradient
CP-CI cryogenic probe, respectively.

Characterisation of oligomers, purified conjugates or reaction mix-
tures were performed by obtaining 1D 'H NMR spectra at 300 K on the
600 MHz spectrometer. pH titration was performed by obtaining 1D 'H-
NMR spectra at different pH values at 298 K on the 400 MHz spectro-
meter. Time course experiments were performed by obtaining 1D 'H-
NMR spectra at specific time points at 300 K on the 600 MHz spectro-
meter. Chemical shift assignments were performed at 298 —310K on
the 800 MHz spectrometer by obtaining the following homo and het-
eronuclear NMR spectra: 1D 'H, 2D double quantum filtered correlation
spectroscopy (DQF-COSY), 2D total correlation spectroscopy (TOCSY)
with 70 ms mixing time, 2D '*C heteronuclear single quantum co-
herence (HSQC) with multiplicity editing, 2D *C Heteronuclear 2 Bond
Correlation (H2BC), 2D '3C HSQC-['H,’H]TOCSY with 70 ms mixing
time on protons and 2D heteronuclear multiple bond correlation
(HMBC) with BIRD filter to suppress first order correlations.

All spectra were recorded, processed and analysed using TopSpin
3.5 software (Bruker BioSpin).

2.5. Flow injection analysis (FIA) coupled with quadrupole time of flight
(qTOF) MS

The analyses were performed with an ACQUITY I-class UPLC system
coupled to a Synapt G2Si HDMS mass spectrometer (Waters, Milford,
MA, USA) equipped with an ESI source operating in negative or positive
mode.

FIA analysis was performed by operating the UHPLC in bypass
mode, directing the flow past the compartment directly to the mass
spectrometer. A mobile phase consisting of 100 % methanol and a
programmed linear flow gradient was used. The flow rate was constant
at 0.150 mL/min for 0.10 min, then reduced to 0.030 min until
1.50 min, then increased to 0.200 mL/min until 1.60 min, and kept
constant to 2.50min. Finally, the system was equilibrated for ad-
ditionally 0.50 min at 0.150 mL/min before the next injection. Total run
time was 3.0 min. The injection volume was set to 2 L.

MS analysis was performed under constant ESI conditions. The ca-
pillary voltage, cone voltage and source offset voltage in negative and
positive mode were set at —2.0kV/3.0kV, —30V/30V and -40V/
40V, respectively. The source temperature was maintained at 120 °C
and the desolvation gas temperature and desolvation gas flow was set to
500 °C and 800 L/h, respectively. The cone gas flow rate was fixed at
50L/h and the nebulizer gas flow was maintained at 6 bar. The in-
strument was operated in high-resolution mode with a cycle time of
1.015s, consisting of a scan time of 1s, and an inter-scan delay of
15 ms. The mass range was set to 50 — 2000 Da, the same range as the
valid calibration performed with Na-formate immediately before ana-
lysis.

A reference mass/lock mass consisting of leucine enkephalin (1 ng/
mL) in 50 % (v/v) acetonitrile in water was infused into the ion source
through a separate capillary at a flow rate of 10 uL/min to correct the
mass axis on the fly. The capillary voltage of the lock mass was set to
2.5kV (negative or positive depending on the operation mode).

Data was acquired and processed using MassLynx software (v4.1).

2.6. Preparation of chitooligosaccharides (D,XA, X = D/A)
Chitosan (F, = 0.25) was dissolved in MQ water (deionized water

purified with the MilliQ system from Millipore, Bedford, MA, USA) by
stirring overnight and added an equal volume of NaAc-buffer (0.2 M,
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pH = 5.5) to a final chitosan concentration of 10 mg/mL. The chitosan
solution was incubated for 1h in a shaking water bath (60 rpm, 37 °C).
ChiB was added to the chitosan solution (4.3 pg/mg chitosan) and re-
acted in the shaking water bath for 7 days. The degradation was ter-
minated by adjusting the pH to 2.5 using HCI (0.1 M) and boiling the
solution for 5min. Subsequently, pH was adjusted to pH 4.5 using
NaOH (0.1 M). The degradation mixture was filtrated (0.22um) and
freeze-dried. Chitosan oligomers were separated according to degree of
polymerization (DP) using the preparative GFC system (0.15M AmAc,
pH 4.5). Pooled fractions from the GFC separation were dialyzed
(MWCO = 100-500) against MQ-water to remove salt from the buffer
until the measured conductivity was < 2 pS/cm and finally freeze-
dried. Selected chitosan oligomers (D,XA, n = 2 and 3) were subse-
quently re-chromatographed using the analytical GFC system (0.1 M
AmAc, pH 6.9). The oligomers were separated according to chemical
composition (D,AA or D,DA) and purified by dialysis as described
above. Purified oligomers were characterised by 1D 'H-NMR (600 MHz
spectrometer).

2.7. 'H-NMR pH titration of PDHA and ADH

ADH or PDHA was dissolved in 1:10 v/v D,O in H,O (500 pL,
10 mg/mL). 1 % TSP (3 uL) was added as an internal standard. The pH
was adjusted with HCI (0.1 and 1.0 M) or NaOH (0.1 and 1.0 M). H-
NMR spectra were obtained every 0.1 to 0.8 pH unit in the pH range 6.1
to 0.5 (400 MHz spectrometer). The system was locked on the internal
D,0 and the spectra were recorded using water suppression.

2.8. Conjugation and reduction studied by time course NMIR

Deuterated NaAc-buffer (500 mM, pH = 3.0, 4.0 or 5.0) containing
2mM TSP was prepared by dissolving the required volumes of deut-
erated acetic acid (CD3COOD, 99.5 % D,) and TSP (from a 20 mM stock
solution prepared using D,0) in D0 (3/4 of total volume). The pH was
adjusted with NaOD to the desired value and diluted with D,O to the
final volume. As the pH-meter used was calibrated with non-deuterated
buffers, the pH reading, pH*, was converted to the real pH using the
formula pH = 0.9291 x pH* + 0.421 (Baudendistel et al., 2016; Krezel
& Bal, 2004).

N,N’-diacetyl chitobiose (AA), chitobiose (DD), chitooligosacchar-
ides (D,XA) or dextran oligomers (Dext,) (20.1 mM) and 2 or 10
equivalents ADH/PDHA (40.2 or 201 mM) were dissolved separately in
deuterated NaAc-buffer (500 mM, pH = 3, 4 or 5) containing 2 mM TSP
and transferred to a 5mm NMR tube. The mixing of the reagents in the
NMR tube served as time zero (t = 0). The concentrations given in
parenthesis represents final concentrations after mixing, which also
apply in all the following sections. For the reduction experiments, 3
equivalents (60.3 mM) of PB (solid) was added directly to the NMR tube
with the equilibrium mixture of conjugates and the addition served as
t = 0 for the reduction. The one pot reductive amination experiments
were performed by adding all reactants to the NMR tube at the same
time, serving as t = 0. 1D 'H-NMR spectra were recorded at desired
time-points (600 MHz spectrometer) and the extent of conjugation/re-
duction was quantified by integration. The samples were held at room
temperature (RT) between the measurements.

Chemical shift assignment for the equilibrium mixture obtained for
the conjugation of PDHA to AA (2 equivalents PDHA, pH 4.0) was
achieved using homo and heteronuclear NMR experiments recorded at
the 800 MHz spectrometer.

2.9. Reduction of AA-ADH/PDHA conjugates, semi preparative scale

AA (20.1 mM) and 10 equivalents of PDHA/ADH (201 mM) were
dissolved in NaAc-buffer (500 mM, pH 4.0) to which 20 equivalents of
PB (420 mM) were added after 24 h. The reactions were performed at
room temperature for approx. 40 days. The reactions were terminated
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by dialysis (MWCO = 100 —500 Da) against 0.05M NaCl until the in-
soluble PB was dissolved, followed by several shifts of MQ-water until
the measured conductivity was < 2 puS/cm and subsequently freeze-
dried. The mixture of products formed was separated by GFC (analytical
scale), purified by dialysis and characterised by FIA-qTOF-MS. Selected
products were additionally characterised by NMR spectroscopy
(600 MHz spectrometer). Chemical shift assignment for the AA-PDHA
secondary amine product was achieved using homo and heteronuclear
NMR experiments recorded at the 800 MHz spectrometer.

2.10. Reduction at higher temperatures

AA (20.1 mM) and 10 equivalents of PDHA/ADH (201 mM) were
dissolved in NaAc-buffer (500 mM, pH 4.0) to which 20 or 40 equiva-
lents (402 mM or 804 mM) of PB were added in 1 portion at t =0h, or
in portions after t = 0, 2, 4, 6 and 8 h. The reactions were performed in
a water bath at 40 or 60 °C for 8 or 24h, terminated by dialysis as
described above and freeze-dried. The mixture of products formed was
characterised by NMR spectroscopy (600 MHz spectrometer).

3. Results and discussion
3.1. Preparation of chitooligosaccharides

Chitooligosaccharides of the type D,XA (X = A or D) were obtained
by enzymatic degradation of chitosan (Fo = 0.25) using chitinase B
(ChiB) (Serbotten et al., 2005). Oligomers of specific degree of poly-
merization (DP) were isolated using gel filtration chromatography
(GFC) at pH 4.5. The oligomers were mixtures of D,DA (51-66 %) and
D,AA (34-49 %). Subsequent GFC of oligomers with specific DP at pH
6.9 separated D, DA from D,AA (e.g D3DA from D3AA, Supporting in-
formation, S2). However, complete baseline separation of the oligomers
was not obtained e.g. resulting in residual D,DA (< 15 %) in the pur-
ified D,AA oligomer fraction.

3.2. Conjugation of PDHA to AA

The conjugation of PDHA to the disaccharide AA (N,N’-diace-
tylchitobiose, Fig. 3a) was initially chosen as model system, since short
oligosaccharides give relatively simple NMR spectra. Further, it allows
for direct comparison to recently published data on conjugation of an
ethoxyamine to mono- and disaccharides (Baudendistel et al., 2016).
Compared to the protocol of Baudendistel et al. (2016) lower oligomer
concentrations were used due to solubility limitations for oligomers of
higher DPs. The concentration of dioxyamine was, on the other hand,
increased to obtain higher reaction rates and to keep the formation of
doubly substituted PDHA to a minimum.

The reaction with 2 equivalents of PDHA at pH 4.0, was monitored
by recording 'H-NMR spectra at regular intervals until equilibrium was
reached (Fig. 3b). The equilibrium mixture was studied in more detail
by homo- and heteronuclear NMR correlation experiments (Supporting
information, S3) to assign key resonances. The course of the reaction
was obtained by integration of the recorded spectra. The corresponding
yields were calculated relative to the total intensity of H1 protons re-
sulting from the reducing end A-unit (sum of unreacted oligomers and
conjugates (oximes and N-pyranosides), Fig. 3c). The ratio of acyclic
((E)- and (2)-oximes) to cyclic (3-N-pyranosides) conjugates was 3:1 at
equilibrium (Table 1), which is in good agreement with the conjugation
of ethoxyamine to AA (Baudendistel et al., 2016), as was the absence of
detectable amounts of furanosides and a-N-pyranoside.

Two equivalents of PDHA resulted in a combined equilibrium yield
of 88 % conjugates and 12 % unreacted oligomers. By treating the
combined yield as a single product, the reaction was fitted to a pseudo
first order kinetics model (Supporting information, S4). The rate con-
stants for the conjugation (k;) and the reverse reaction (k) are in-
cluded in Table 1. The times to reach 50 and 90 % of the combined
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Fig. 3. Reactions of AA with PDHA (a-d) and ADH (e-h). a) and e) Conjugation of PDHA/ADH to AA, b) and f) 1H-NMR spectra at defined time points for the
conjugation reactions with 2 equivalents PDHA/ADH at pH 4.0, ¢) and g) course of the reactions obtained from the integrals of spectra shown in b) and f), d) and h)
influence of pH on combined yield and rate constants for the conjugation and the reverse reaction. Abbreviations: a-red. and B-red.: a- and B-configurations of the
unreacted oligomer, respectively. B-N-pyr.: B-configuration of the N-pyranoside (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article).

yield at equilibrium (to 5 and to g values) are further included as a more
empirical approach to describe the reaction rates (Baudendistel et al.,
2016). Increasing the PDHA concentration to 10 equivalents resulted in
correspondingly higher reaction rates, but practically the same rate
constants. It also resulted in almost full conversion (combined yield of
96 %) but did not significantly influence the ratio of acyclic to cyclic
conjugates (Table 1).

The influence of pH on the combined yield and reaction kinetics

Table 1

with 2 equivalents of PDHA is shown in Fig. 3d. Whereas the forward
reaction rate (k;) depended marginally on pH, the reverse reaction rate
(k1) was essentially proportional to [H*], resulting in a decreasing
yield with decreasing pH as also observed for other oxyamine con-
jugation reactions (Baudendistel et al., 2016). We partly attribute this
to the contribution from acid lability of N-pyranosides (Shinohara et al.,
1996), which is consistent with the reduced fraction of cyclic con-
jugates at pH 3.0 (Table 1). It may be noted that the pK, of PDHA was

Reactions of AA with PDHA and ADH studied by time course NMR. 'H-NMR spectra of the equilibrium mixtures obtained for all the reactions are given in Supporting

information, S6.

Reaction PDHA/ADH [equivalents] pH T [°C] Ratio acycl.:cycl. tos [h] to.o [h] k;y [h™1] k_q ™Y Combined equilibrium yield [%]
AA-PDHA 2 3.0 RT 4.6:1 3.4 12.0 1.6 x 1072 1.1x107! 33

2 4.0 RT 2.9:1 7.6 30.0 22x107° 7.0x 1073 88

2 5.0 RT 3.6:1 20.4 84.6 1.0x107° 5.0 x 1074 98

10 4.0 RT 3.1:1 2.8 9.7 1.3x1073 9.0x 1077 96
AA-ADH 2 3.0 RT 1:47.2 15.1 52.8 5.4 %1074 1.9 x 1072 46

2 4.0 RT 1:47.2 20.4 71.4 47 x 1071 1.2x 1072 53

2 5.0 RT 1:42.5 46.6 116.0 22x107* 47 x107° 57

10 4.0 RT 1:45.2 7.6 25.8 4.0x 107 1.1 x1072 89
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found to be 4.2 (Supporting information, S5). Hence, the weak pH
dependency of k; in the range investigated may be attributed to the
opposing effects of the decrease in reactive (deprotonated) PDHA below
pK,, and the increasing rate of acid catalysis at lower pH.

3.3. Conjugation of ADH to AA

Conjugation of the dihydrazide, ADH was studied using the same
methods and conditions as described for the PDHA. The conjugation of
ADH to AA deviated considerably from the reactions with PDHA
(Fig. 3e-h, Table 1). Firstly, only cyclic conjugates (B-N-pyranoside and
a minor unidentified N-glycoside product) were formed and no (E)- and
(2)-hydrazones were detected. Secondly, two conformers of the f-N-
pyranoside, one major and one minor, were observed (Fig. 3e and f),
which is attributed to the partial double bond character of the hy-
drazide (Bendiak, 1997). Thirdly, the reaction rate was two to five
times lower than for the PDHA reactions. However, as also observed for
PDHA, k; was weakly dependent on pH (in the pH range 3.0-5.0),
whereas the reverse rate constant (k_;) increased with decreasing pH,
although not as pronounced as for PDHA (Fig. 3h). As in the former case
this may be partly attributed to acid hydrolysis of the N-pyranosides
(Shinohara et al., 1996). Overall, the combined yield increased with
increasing pH, but less pronounced than for PDHA. The differences are
primarily attributed to the lower pK, of ADH, which was found to be 3.1
(Supporting information, S5).

High yields and short reaction times are desired for the preparation
of conjugates. Hence, carrying out the reaction at pH 4.0 and using a
large excess of PDHA or ADH (10 equivalents or more) give the best
compromise between yield and reaction time. Accordingly, all sub-
sequent conjugation reactions were performed at pH 4.0.

3.4. Comparison to D at the reducing end

As a control experiment, 2 equivalents of PDHA or ADH were re-
acted with the disaccharide DD (chitobiose) under the same conditions
as for AA (pH 4.0, RT). DD showed poor reactivity compared to AA
(Supporting information, S7), as demonstrated by very low yields (in
the range 2-10 % after 72 h), which is in agreement with the literature
on other types of amines (Beaudoin et al., 2005; Guerry et al., 2013).
Hence, D residues at the reducing end of chitooligosaccharides are very
unfavourable for conjugations of this type.

3.5. Conjugation of PDHA and ADH to longer chitooligosaccharides (DP
4-10)

PDHA and ADH were subsequently conjugated to D,XA oligomers
(DP = 4-10, n = 2-8). The 'H-NMR spectra and the course of the re-
action with D,XA (X = either A or D) and 2 equivalents of ADH or
PDHA, are shown in Supporting information, S8. For conjugation re-
actions with oligomers of DP > 4, a mixture of D, XA (X =D or A)
oligomers was used. Results from the conjugation reactions with D,XA
oligomers are summarised in Table 2.

The reactions with longer chitooligosaccharides followed the same
trends as observed for AA in terms of kinetics, yields and selectivity.
Surprisingly, reactions with D, XA (Table 2) turned out to be slightly

Table 2
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faster than with AA (Table 1). A similar dependency on DP has also
reported for ethoxyamine, which conjugates faster to AA than A
(monomer) (Baudendistel et al., 2016). For PDHA, the combined yield
increased with higher DP of the chitooligosaccharides, whereas for ADH
a slight decrease was observed.

The ratio of acyclic to cyclic conjugates increased for all reactions
with the D, XA oligomers compared to AA (Table 1) suggesting a higher
stability of the oximes and hydrazones with increasing DP. This has also
been observed when increasing the DP from one (A) to two (AA)
shifting the ratio of acyclic to cyclic conjugates from 3.1:1 to 3.7:1
(Baudendistel et al., 2016)

3.6. Reduction of conjugates using a-picoline borane (PB)

Reduction of D,AA-conjugates, prepared using 10 equivalents PDHA
or ADH (pH 4.0), was studied by NMR, by adding solid a-picoline
borane (PB) directly to the NMR tube containing the oligosaccharide-
PDHA/ADH equilibrium mixtures. PB has limited solubility under these
conditions, and therefore, only 3 equivalents were used. The methylene
protons of the secondary amines formed after reduction, gave proton
resonances in the area 2.80-3.40 ppm, in agreement with literature
data (Ridley et al., 1997), however partially overlapping with the H2
resonances of the D-units between 3.10 to 3.25ppm (Supporting in-
formation, S10). Results obtained after 2 and 14 days of reduction are
given in Table 3. For both reactions the reduction was exceptionally
slow, and a large fraction of unidentified products was detected. PB,
both in its reduced (r) and oxidized (o) form, has well defined proton
resonances in the area 7.3-8.7 ppm, sufficiently separated from con-
jugate resonances in the same area, enabling the oxidation of the re-
ducing agent to be monitored (Supporting information, S10). For the
D,AA-PDHA system 97 % of the dissolved PB was oxidised after 14
days, whereas 33 % of the dissolved PB was still in the reduced form in
the D,AA-ADH system, indicating the slower reduction of the latter.

3.7. Improvement of the reduction protocol

Reduction was further explored using higher concentrations of PB
and higher temperatures. As PB has limited solubility in aqueous buffer
at room temperature, continuous monitoring of the reactions by NMR
was impractical. Therefore, only the products obtained at the end of the
reactions were studied. Poor mixing during the time course NMR ex-
periments may have lowered the reduction rate and hence, regular
mixing was applied, except at higher temperatures which increase the
solubility of PB (see below). Optimisation of the reduction protocol was
performed using the dimer, AA, primarily to avoid the overlapping
resonances from H2 of the D-units in the NMR-spectra.

First, AA-PDHA and AA-ADH conjugates, prepared using optimised
conjugation conditions (10 equivalents PDHA/ADH, pH 4.0), were re-
duced using 20 equivalents PB. The reduction was performed for 40
days at room temperature, and the reaction mixtures were purified and
fractionated by GFC. All fractions were characterised by mass spectro-
scopy and the main fractions were further analysed by 'H-NMR
(Supporting information, S11). Annotated chromatograms based on the
MS and NMR characterisation are given in Fig. 4a and c.

Reduction of AA-PDHA conjugates resulted in three fractions

Reactions of D, XA oligomers with PDHA and ADH studied by time course NMR. '"H-NMR spectra of the equilibrium mixtures obtained for all the reactions are given

in Supporting information, S9.

Reaction PDHA/ADH [equivalents] pH T [*C] Ratio acycl.:cycl. tos [h] to.o [h] ki [h™1 k_y [h71] Combined equilibrium yield [%]
D,DA-PDHA 2 40  RT 7.6:1 5.8 24.2 33x107°  15x107° 98
DgXA-PDHA 10 4.0 RT 5.4:1 1.6 5.4 22x1072 6.0 x 1072 98
D>AA-ADH 2 4.0 RT 1:27.5 19.9 69.2 43x107* 1.4 x 1072 48
DgXA-ADH 10 40  RT 1:20.5 5.8 19.7 52x107"  15x107* 86
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Table 3
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Yields obtained at different time points during the reduction of conjugates, monitored by NMR. "H-NMR spectra of the mixtures after 2 and 14 days are given in

Supporting information, S10.

Reaction PDHA/ADH PB [equivalents] Time Reduced conjugates Non-reduced conjugates ~ Unreacted oligomers Unidentified products™®!
[equivalents] [days] [%] [%] [%] [%]
D,AA-PDHA 10 3 2 7 66 1 26
14 35 18 47
D,AA-ADH 10 3 2 7 75 11 7
14 9 50 36

[a] The yield of unidentified products was calculated as the difference between the formation of reduced (secondary amine) conjugates and the decrease in non-
reduced conjugates and unreacted oligomers. Hence, yield of unidentified products (%) = theoretical yield (100 %) - yield of reduced conjugates (%) — yield of non-

reduced conjugates (%) — yield of unreacted oligomers (%).

(Fig. 4a) which based on MS and NMR were confirmed to be AA-PDHA
(reduced to secondary amine), AA-PDHA-AA (doubly substituted and
reduced), and a minor component with mass corresponding to acety-
lated AA-PDHA (reduced). The main fraction (reduced AA-PDHA), was
further studied by homo- and heteronuclear NMR correlation experi-
ments (Supporting information, S12). Assignment of the main re-
sonances are given in the 'H-NMR spectrum in Fig. 4b. Integration
confirmed an equimolar ratio of PDHA to AA. Resonances from (E)- and
(2)-oximes and B-N-pyranoside were absent and no unreacted AA was
detected. A small fraction of doubly substituted PDHA (AA-PDHA-AA)
was formed despite the large excess (10 equivalents) of dioxyamine,
suggesting an enhanced reactivity of the free oxyamine group following
conjugation of PDHA to the first oligomer.

Reduction of AA-ADH conjugates resulted in a more complex mix-
ture compared to PDHA (Fig. 4c). "H-NMR characterisation of the main
fraction (Fig. 4d), revealed a mixture of secondary amines (48 %) and
non-reduced N-glycosides (52 %). The apparent resistance to reduction
of the latter is attributed to the slow (i.e. rate limiting) conversion to
reducible hydrazones (Ramsay, Freeman, Grace, Redmond, & MacLeod,
2001). In fact, N-glycosides were observed in all characterized fractions
of the AA-ADH reaction. Detection of non-reduced, unreacted AA
(Fig. 4c) confirm that PB selectively reduces Schiff bases under the
given conditions, in addition to the slower conjugation of ADH com-
pared to PDHA.

a) b)

AA-PDHA

AA-PDHA(COCH;)
AA-PDHA-AA

As for PDHA, a fraction of doubly substituted ADH (AA-ADH-AA)
was observed. Additionally, fractions containing conjugates with mul-
tiple dihydrazides (ADH,) were detected (Supporting information,
S11). To the best of our knowledge, this side reaction has not been
described in the literature. These ‘polymerised’ dihydrazides also
formed doubly substituted conjugates (AA-ADH,-AA). Conjugates con-
taining ADH,, showed reduced solubility when re-dissolved in D,O for
NMR characterisation. Hence, a purification step is required to obtain
reduced conjugates without multiple dihydrazides.

Reduction was subsequently studied at 40 and 60 °C. Higher tem-
peratures improves the solubility of PB, although at the expense of
faster decomposition. AA was reacted with 10 equivalents of PDHA or
ADH, and 20 equivalents of PB for 8 h at pH 4.0. PB was added in one or
several portions. Results and reaction conditions are given in Table 4.
For AA-PDHA, the highest yield of reduced conjugates (49 %) could be
obtained by combining 20 equivalents of PB, added in four portions (0,
2, 4 and 6 h), with reaction at 60 °C. For ADH, the same protocol gave
26 % reduced conjugates. By adding an additional portion of 20
equivalents PB after 8 h and leaving the reaction mixture for a total of
24 h at 60 °C, the yields were improved to 84 % reduced AA-PDHA and
43 % AA-ADH. The relative proportion of unidentified products de-
creased at higher temperatures, providing more optimised conditions
for the reduction.

Overall, the yield of reduced chitooligosaccharide conjugates could

Fig. 4.a) and ¢) GFC fractionation of the
mixture of products formed in the conjugation
of PDHA and ADH (10 equivalents) to AA with
subsequent reduction for 40 days at RT using
20 equivalents PB at pH 4.0, respectively.
Fractionation of AA is included as a reference,
b) '"H-NMR spectrum of the main fraction from
the AA-PDHA reaction, d) TH-NMR spectrum of
the main fraction from the AA-ADH reaction.
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Table 4
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Reaction conditions and yields obtained for one pot reductive amination at higher temperatures. 'H-NMR spectra of the reaction mixtures are given in Supporting

information, S13.

Reaction  PB [equivalents] Portions Portions added Total rx. T ['C] Reduced Non-reduced Unreacted oligomers  Unidentified
[h] Time [h] e [%] conj [%] [%] products™ [%]

AA-PDHA 20 1 0 8 RT 11 87 1 1

20 1 0 8 40 24 54 2 20

20 1 0 8 60 40 37 1 22

20 4 0,2,4,6 8 60 49 27 1 23

40 5 0,2,4,6,8 24 60 84 13 0 3
AA-ADH 20 1 0 8 RT 3 73 23 1

20 1 0 8 40 12 63 13 12

20 1 0 8 60 22 48 9 21

20 4 0,2,4,6 8 60 26 39 7 28

40 5 0,2,4,6,8 24 60 43 23 4 30

[a] The yield of unidentified products was calculated as the difference between the formation of reduced conjugates and the decrease in non-reduced conjugates and
unreacted oligomers. Hence, yield of unidentified products (%) = theoretical yield (100 %) - yield of reduced conjugates (%) — yield of non-reduced conjugates (%) —

yield of unreacted oligomers (%).

be improved by increasing the temperature and the concentration of PB
(added in several portions to compensate for the fast decomposition at
higher temperatures). Higher temperatures have also been shown to
increase the fraction of reducible acyclic conjugates for oligo-
saccharide-oxyamine reactions (Baudendistel et al., 2016).

The slower reduction of ADH-conjugates compared to conjugates
prepared with PDHA, both at room temperature and at higher tem-
peratures, is attributed to the slow conversion of cyclic N-glycosides to
reducible acyclic conjugates combined with the large fraction of cyclic
conjugates formed with ADH.

3.8. Comparison to dextran oligomers

To investigate whether the results obtained for the chit-
ooligosaccharides were specific to the reducing end residue (GlcNAc),
conjugation to a dextran oligomer (Dexts DP 5) and the monomer (Glc,
DP 1) was studied. Glc and Dexts were reacted with PDHA or ADH (2
equivalents, pH 4.0) and monitored by time course NMR as described
above (Table 5). PDHA reacted two to three times faster than with the
chitooligosaccharides, in excellent agreement with the Glc- and
GlcNAc-ethoxyamine systems (Baudendistel et al., 2016). Moreover, the
ratio of acyclic to cyclic conjugates was 2.6:1 for the monomer (Glc),
which corresponds well to the results obtained with ethoxyamine under
similar conditions (Baudendistel et al., 2016). As observed for the
chitooligosaccharides, the ratio increased with increasing DP. Likewise,
reaction rates increased slightly with increasing DP, whereas the yields
slightly decreased.

In the case of ADH, only N-glycosides were formed when conjugated
to Glc and Dexts, as also found for chitooligosaccharides. In contrast,
ADH reacted 7-10 times faster than with the chitooligosaccharides.
Hence, the nature of the residue at the reducing end (Glc versus
GlcNAc) largely influences the conjugation rate, in agreement with
other conjugation reactions (Baudendistel et al., 2016; Ramsay et al.,
2001; Thygesen et al., 2010)

We further monitored the one pot reductive amination of Dext, with
2 equivalents of PDHA or ADH in the presence of PB (3 equivalents) and
compared the results with the reaction of AA with PDHA or ADH under

Table 5

the same conditions (RT, pH 4.0). The spectra obtained after 2 and 5
days for all reactions are given in Supporting information, S16. After 5
days, 70 % reduced Dext,-PDHA and 61 % Dext,-ADH were formed, as
opposed to only 9 % and 6 % reduced AA-PDHA and AA-ADH, re-
spectively. In contrast to the AA reactions, where a large fraction of
unidentified products was formed, all products could be accounted for
in the Dext, reactions (Supporting information, S16). We therefore at-
tribute the slow and complex reduction of the chitooligosaccharide-
based conjugates to the nature of the reducing end, i.e. the GlcNAc
residue.

4. Conclusions

In this study we have presented a systematic investigation of aqu-
eous, aniline-free conjugation of the bifunctional linkers PDHA and
ADH to the reducing end of chitooligosaccharides ranging from DP 2 to
DP 10, both without and with reduction using a-picoline borane. The
oligomers were of the type D,XA obtained by enzymatic degradation of
chitosan and are therefore relevant in a biorefinery context. As ex-
pected from literature, reactions with PDHA resulted in a mixture of
acyclic (E)- and (2)-oximes and cyclic 3-N-pyranosides, whereas ADH
yielded only cyclic N-glycosides. The acyclic/cyclic ratio of conjugates,
combined yield, and reaction kinetics depended in both cases on pH. In
total, highest reaction rates were obtained at pH 3.0, whereas highest
yields were obtained at pH 5.0. Carrying out the reaction at pH 4.0
therefore gives a good compromise between reaction time and yield.
The influence of chain length is of utmost importance for general use of
the methodology. We found that the rate of conjugation was essentially
independent of DP within the range investigated.

The conjugation of PDHA and ADH to dextran oligomers was in-
cluded for comparison. In general, both PDHA and ADH conjugated
faster to dextran than to the chitooligosaccharides and hence, the
nature of the reducing end residue plays an important role for the
outcome of the conjugation. In this perspective, it may be noted that
oligomers terminating in D residues were confirmed to be less reactive
than those having A at the reducing ends. Hence, the D, XA oligomers
have an additional advantage over pure D, oligomers.

Reactions of Dext, oligomers with 2 equivalents PDHA or ADH studied by time course NMR. The course of the reaction for Dext;-PDHA/ADH is given in Supporting
information, S14. "H-NMR spectra of the equilibrium mixtures obtained for all the reactions are given in Supporting information, S15.

Reaction DP [n] pH T [°C] Ratio acycl.:cycl. to.s [h] to.o [h] ki [h™1] k-, [h™1] Combined equilibrium yield [%]
Dext,-PDHA 1 4.0 RT 2.6:1 3.2 13.0 55x10° 1.2x1072 92

5 4.0 RT 4.3:1 2.2 8.6 8.0x 1072 2.0x 1072 90
Dext,-ADH 1 4.0 RT 1:64 3.0 10.4 29x107% 9.0 x 1072 49

5 4.0 RT 1:41 1.9 6.4 35x10°° 1.9x107" 38
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All protocols seem to give a small amount of disubstituted species,
e.g. AA-PDHA-AA (Fig. 4a). This can in principle be tolerated in the
subsequent coupling because they will be unreactive. They may alter-
natively be removed by chromatography as shown in the same figure.
Further, detectable (but small) amounts of oligomers with multiple
ADH, i.e. AA-ADH, were detected (Fig. 4c). They may, as shown here,
still react to form e.g. AA-ADH,-AA, indicating the terminal ADH re-
mains reactive. If undesired, they may also be removed after the acti-
vation step, at least for short oligosaccharides.

Although a-picoline borane has proven useful in reductive amina-
tion with carbohydrates, we found that chitooligosaccharide-based
PDHA- and ADH-conjugates were very slowly reduced at room tem-
perature. However, a protocol using higher temperatures improved the
reduction significantly with acceptable yields after 24 h, comparable to
aniline- and cyanoborohydride-based protocols (Guerry et al., 2013).
We attribute the slow reduction to the nature of the reducing end re-
sidue, as dextran-based conjugates were reduced with a much higher
rate under the same conditions. The slower reduction of ADH con-
jugates for both types of oligomers is attributed to the large fraction of
non-reducible cyclic conjugates. In general, the slow reduction of the
chitooligosaccharide conjugates is considered unsuitable for typical
labelling applications in biochemistry but may still be more acceptable
in biomaterials preparation.

In summary, the reaction of enzymatically produced chit-
ooligosaccharides with PDHA and ADH, without or with reduction
using a-picoline borane has been studied in detail. The outcome is
protocols and kinetic constants for preparing both PDHA- and ADH-
chitooligosaccharide conjugates. The protocols avoid toxic reagents
such as sodium cyanoborohydride and aniline, and retains the inherent
properties of the oligosaccharides. The PDHA- or ADH-activated D, XA
chitooligosaccharide conjugates may be effectively linked to aldehyde-
containing particles, surfaces or macromolecules e.g. other oligo-
saccharides for the preparation of block polysaccharides.
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S1 Chitin and chitosan - nomenclature

In order to obtain unique but simple representations of monomer sequences, the chitin monomer, N-
acetyl-D-glucosamine (GIcNAc), and its de-N-acetylated counterpart, D-glucosamine (GIcN) are
abbreviated with the single letters A and D, respectively. Accordingly, the dimer N,N’-diacetyl chitobiose
is abbreviated AA and chitobiose is abbreviated DD. The monomers are linked by 8-1,4-linkages in both
chitin and chitosan. The composition of chitosans is commonly described by the fraction of acetylated
units (Fa), hence, the fraction of A residues in the polysaccharide. Fa is defined as

FA:nA/(nA+nD) (eq. 1)

where na is the number of A-units and np is the number of D-units in the chitosan. Another commonly
used parameter for describing chitosan is the degree of de-N-acetylation, describing the fraction of A
units in the chitosan related to Fa by the equation

Degree of de-N -acetylation = (1- FA) x 100 % (eq. 2)

S2 Preparation of chitosan oligomers (DnXA, X = A or D)

Water soluble chitosan with Fa = 0.25 was prepared by partial de-N-acetylation of chitin. The chitosan
was further subjected to enzymatic degradation with chitinase B (ChiB) from Serratia marcescens. ChiB
belongs to the GH18 family and has a specified cleavage site for N-acetyl glucosamine linkages (van
Aalten et al., 2001). The enzyme works from the non-reducing end and cleaves the polymer after one
or two A-units (preferably two A units in the -1 and -2 subsites, but will also cleave the polymer when a
D-unit is present in the -2 subsite, however with a slower rate). Hence, depending on the Fa of the
chitosan and the conditions, the enzymatic degradation can exclusively provide chitooligosaccharides
terminating in one or two A residues at the reducing end, but which otherwise contain uninterrupted
(homogenous) sequences of D residues (Dn) (Sgrbotten, Horn, Eijsink, & Varum, 2005). Oligomers with
specific DP (DnXA, n = 2-8) were fractionated by gel filtration chromatography (GFC) using 0.15 M
ammonium acetate (AmAc) buffer, pH 4.5 (Figure S1a). Fractions were purified by dialysis and freeze-
dried and the DP of the oligomers was determined by *H-NMR spectroscopy. Individual fractions were
subsequently re-chromatographed using 0.1 M AmAc buffer adjusted to pH 6.9. This step separated
DnAA from DnDA (verified by NMR), although baseline separation only was obtained for n = 2-3 (Figure
S1b).

a) b)
0.15 M AmAc, pH 4.5 0.1 M AmAc, pH 6.9
D, XA
D XA
D,AA D;DA
DaXA D3XA
5‘00 6‘00 7ll)0 Sll)ﬂ 9ll)0 5;)0 6(‘)0 7(‘)0 8(‘)0 9(‘)0
Time (min) Time (min)

Figure S1: a) GFC fractionation of the mixture of DnXA oligomers obtained by enzymatic degradation
of chitosan (Fa = 0.25) using ChiB in 0.15 M AmAc at pH 4.5. Fractionation of isolated D3XA is
included to show the DP distribution. b) GFC fractionation of the mixture of DnXA oligomers in 0.1 M
AmAc at pH 6.9. Fractionation of D3XA is included to demonstrate the ability to separate oligomers
with different chemical composition.



Isolated chitooligosaccharides were characterized by *H-NMR. The spectrum obtained for the isolated
D2AA oligomers were assigned according to literature (Figure S2) (Sugiyama et al., 2001). Isolated
D2AA contained approximately 15 % D2DA, evident in the 'H NMR-spectrum by side peaks for the
reducing end (r.e.) resonances (H1, A r.e. in a- and B-configuration). The middle D- and A-units are
assigned m, whereas the non-reducing end D-unit is assigned n.r.e. The chemical shifts of the
resonances resulting from the H2 of the D-units (m and n.r.e.) are very pH sensitive and increasing the
pH above the pKa of the amino group (approx. 6.5) shifts the resonances upfield to 2.5-2.7 ppm.

NH,  HOH,C, o NHAC ~ HOH,C o
HO Ho
HO, © ° OH
HOH,C o Ho N et o Ho NA
2® D (nre.) D(m) 2 X A (m) Afre)
H1,D
(n.re.)
Acetyl, A
(m) Acetyl, A
(re.)
H1,D
(m) H1,A
(Be) H2,D
H1,A ]
® (n.r.e.)
(a-r.e) H1,A H2.D
(m) (,-;,)

N L

T T T T T
5.0 4.5 4.0 3.5 3.0 2.5 2.0 ppm
Figure S2: *H-NMR spectrum of isolated D2AA at pH 4.0, 298 K.

S3 2D Characterisation of the equilibrium mixture for the conjugation of PDHA to AA

The dimer AA (N,N-diacetyl chitobiose, 20.1 mM) was reacted with 2 equivalents of PDHA under
standard reaction conditions (500 mM deuterated NaAc-buffer pH 4.0, room temperature).
Resonances from conjugates and reactants at equilibrium (>48 h) were assigned by homo and hetero
nuclear NMR correlation experiments. The NMR analysis was carried out at the 800 MHz
spectrometer in a 3 mm NMR tube. Resonances were assigned by starting at the anomeric proton
resonance and then following the proton-proton connectivity using TOCSY, DQF-COSY, and 3C
HSQC-[*H,*H] TOCSY spectra. The carbon chemical shifts were obtained from 3C HSQC. *C HMBC
was used for connecting the spin systems via long range connections. The following designations are
used in the spectra displayed in Figure S3 and S4: (E) and (Z) ((E)/(2)-configuration of the oxime), -
N-pyranoside (B-configuration of the N-pyranoside), a- and B-red. (anomeric protons of the reducing
A-unit), NR (anomeric proton of the non-reducing A-unit), L# (methylene protons from conjugated
dioxyamine (PDHA)), L’ (methylene protons from unreacted PDHA), Ac (N-acetyl groups of the A-
units). H# refers to the proton attached to the ring carbon number (C#) for the sugar units.
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Figure S3: 1D proton spectrum of the mixture of products and reactants obtained for the conjugation
of PDHA to AA after equilibrium was reached (>48 h) recorded at 298 K.
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Figure S4: *3C HSQC spectrum of the mixture of products and reactants obtained for the conjugation
of PDHA to AA after equilibrium was reached (>48 h) recorded at 298 K. A. shows the
acetyl/methylene region, B. display the spectral region for anomeric and sugar resonances and C.
shows the amino region.



Table S1: Assignment of the chemical shifts for the mixture of products and reactants obtained for
the conjugation of PDHA to AA after equilibrium was reached (>48 h)

Structural unit  Assignment

H1;C1 H2; C2 H3; C3 H4; C4 H5; C5 H6; C6 Ac-H; C
(E)-oxime 7.63;153.4 4.91;53.7 4.07,72.0 3.85,80.8 3.83;73.9 3.78,3.56;64.9 2.05; 24.7
(2)-oxime 6.97; 153.2 5.13;50.9 4.15;71.4 3.80;823 3.82;73.9 3.76,3.55;64.6 2.04;25.1
o-red. 5.18; 93.4 3.88;56.6 3.88;72.2 nd n.d n.d n.d
B-red. 4.69; 97.7 3.69;59.0 352,775 3.62;82.3 n.d nd n.d
NR 4.60;104.2 3.74;58.6 3.56,76.4 3.44,78.6 3.46;72.6 3.93,63.74;63.5 2.06; 25.1
B-N-pyranoside 4.32;91.5 3.90;53.9 3.69;76.6 3.59;82.0 3.50;78.8 3.83,3.65;63.1 2.05; 24.8
Methylene in PDHA Middle methylene Methylene in PDHA closest to
closest to conjugation in PDHA free oxyamine end
L1 4.22;73.1 2.04;29.9 4.14;75.1
L2 4.16; 72.7 2.03; 29.8 4.14,75.1
L3 4.12;75.4 2.04; 30,0 4.14,75.1
L4 3.77,73.6 1.94;29.3 4.14;75.1

n.d: not determined

S4 Pseudo first order kinetics modelling of the conjugation reactions

All conjugation reactions were assumed to follow pseudo first order kinetics. By treating the conjugates
as one reaction product, the experimental data were fitted to a first order kinetics model (Figure S5)
using the following rate equations

O]+[XJe={x 0] a9

where [O] is the concentration of oligomers, [X] is the concentration of PDHA or ADH, [X=0] is the
concentration of conjugates, ki is the rate constant for the conjugation and k-1 is the rate constant for
the reverse reaction. Hence, the rate of conjugation was determined from

d[X =0]

—— =k [o][X]-k,[x =0] (Eq. 4

The concentration of conjugates at specific time points, [X=0}: was calculated from the rate by the
following equation

d(X=0
[X :O]t:%At-F[X :O]I—At (Ea. 5)



where, t is the time, and At is the time difference from last modelled time point. All the conjugation
reactions were modelled using this approach.

a) b)
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Figure S5: a) Model (solid line) fitted to the experimental data (blue dots, combined yield of
conjugates in mM) obtained for the conjugation of PDHA (2 equivalents) to AA at pH 4.0 b) Model
(solid line) fitted to the experimental data (blue dots combined yield of conjugates in mM) obtained
for the conjugation of ADH (2 equivalents) at pH 4.0.

S5 pH titration by *H-NMR to determine the pKa of PDHA and ADH

The pKa of the terminal amino groups of PDHA and ADH was determined by monitoring the change in
chemical shifts for the methylene protons over a range of different pH values (Figure S6a and c,
respectively). The degree of dissociation (a) was calculated from the relative change in shifts going
from fully protonated to deprotonated. The change in a as a function of pH was fitted to the
Henderson-Hasselbalch equation (Eq. 6) providing a pKa of 4.2 and 3.1 for the free amine group of
PDHA and ADH, respectively (Figure S6b and d).

A'] o
H=pK +I —[ —— pH = pK_ +log| -2 .
pH = pK, + Og[HA]<—p pPK, + 09(1_aj (Eq. 6)
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Figure S6: a) *H-NMR spectra obtained for PDHA at different pH values b) pH dependence of the

chemical shits for the PDHA methylene protons, represented by the degree of dissociation calculated

from the experimental data and fitted to the Henderson-Hasselbalch equation to obtain a pKa of 4.2.
c) *H-NMR spectra obtained for ADH at different pH values d) pH dependence of the chemical shits
for the ADH methylene protons, represented by the degree of dissociation calculated from the
experimental data and fitted to the Henderson-Hasselbalch equation to obtain a pKa of 3.1.

S6 'H-NMR characterisation of the equilibrium mixtures for the conjugation reactions with AA

The mixture of conjugates and unreacted oligomers at equilibrium for the reactions of AA with 2 or 10
equivalents of PDHA or ADH at pH 3.0, 4.0 or 5.0 were characterized by *H-NMR. The spectra are
given in Figure S7-S14. Yields (%) were calculated by relating the integrals (not included) of the
resonances resulting from H1 reducing end unit for the conjugates and unreacted oligomers at specific
time points to the sum of these integrals (100 %, theoretical yield). The following designations are used
in the 'H-NMR spectra: (E)- and (Z)-oxime ((E)/(Z)-configuration of the oxime), B-N-pyr. (B-configuration
of the N-pyranoside), N-glycoside (unidentified N-glycoside conjugate) and a- and (- red. (o-/B-

configuration of the anomeric proton in the reducing end A-unit).
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Figure S7: H-NMR characterisation of the mixture of conjugates and unreacted oligomers at

equilibrium for the reaction of AA with 2 equivalents of PDHA in deuterated NaAc-buffer, pH 3.0. The

yield of conjugates at equilibrium was 33 %.
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Figure S8: 'H-NMR characterisation of the mixture of conjugates and unreacted oligomers at

equilibrium for the reaction of AA with 2 equivalents of PDHA in deuterated NaAc-buffer, pH 4.0. The

yield of conjugates at equilibrium was 88 %.
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Figure S9: 'H-NMR characterisation of the mixture of conjugates and unreacted oligomers at
equilibrium for the reaction of AA with 2 equivalents of PDHA in deuterated NaAc-buffer, pH 5.0. The

yield of conjugates at equilibrium was 98 %.
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Figure S10: *H-NMR characterisation of the mixture of conjugates and unreacted oligomers at
equilibrium for the reaction of AA with 10 equivalents of PDHA in deuterated NaAc-buffer, pH 4.0.
The yield of conjugates at equilibrium was 96 %.
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Figure S11: *H-NMR characterisation of the mixture of conjugates and unreacted oligomers at

equilibrium for the reaction of AA with 2 equivalents of ADH in deuterated NaAc-buffer, pH 3.0. The
yield of conjugates at equilibrium was 46 %.
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Figure S12: *H-NMR characterisation of the mixture of conjugates and unreacted oligomers at
equilibrium for the reaction of AA with 2 equivalents of ADH in deuterated NaAc-buffer, pH 4.0. The
yield of conjugates at equilibrium was 53 %.
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Figure S13: *H-NMR characterisation of the mixture of conjugates and unreacted oligomers at

equilibrium for the reaction of AA with 2 equivalents of ADH in deuterated NaAc-buffer, pH 5.0. The
yield of conjugates at equilibrium was 57 %.
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Figure S14: *H-NMR characterisation of the mixture of conjugates and unreacted oligomers at

equilibrium for the reaction of AA with 10 equivalents of ADH in deuterated NaAc-buffer, pH 4.0. The
yield of conjugates at equilibrium was 89 %.
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S7 Comparison to D at the reducing end

The conjugation of PDHA and ADH (2 equivalents) to DD (chitobiose) was studied by time course NMR
and compared to the conjugation to AA under the same conditions (pH 4.0, RT). The course of the
reactions, presented by the combined yield of conjugates (%) at defined time points, are given in Figure
S15.
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Figure S15: a) Course of the reaction for the conjugation of PDHA (2 equivalents) to AA and DD at
pH 4.0, RT b) course of the reaction for the conjugation of ADH (2 equivalents) to AA and DD at pH
4.0, RT.

S8 Conjugation of PDHA and ADH to D2XA studied by time course NMR

Conjugation of PDHA and ADH to D2XA (X = either A or D) was studied by time course NMR. *H-NMR
spectra and the course of the reaction using 2 equivalents of PDHA and ADH, are given in Figure
S16 and S17, respectively. Key resonances established for AA were detected in the spectra. The
D2AA oligomers contained small amounts (<15%) of D2DA (and opposite for the D2DA oligomers),
appearing in the 'H-NMR spectra by side peaks for the reducing end resonances (e.g. H1, a-red. and
H1, B-red). Yields (%) were calculated by relating the integrals (not included) of the resonance
resulting from the H1 reducing end unit for the conjugates and unreacted oligomers at specific time
points to the sum of these integrals (100 %, theoretical yield). Yields, distribution of products and
kinetics were in good agreement with the results obtained for the conjugation of PDHA and ADH to
AA.
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Figure S16: a) 'H-NMR spectra at defined time points for the conjugation of PDHA (2 equivalents)
to D2DA, pH 4.0 b) course of the reaction obtained from the integration of the spectra shown in a).
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Figure S17: a) *H-NMR spectra at defined time points for the reaction of D2AA with 2 equivalents of
ADH, at pH 4.0 b) Course of the reaction obtained from the integration of the spectra shown in a).

S9 'H-NMR characterisation of the equilibrium mixtures for the conjugation reactions with DnXA
oligomers

The mixture of conjugates and unreacted oligomers at equilibrium for the reactions of DnXA with 2 or
10 equivalents of PDHA or ADH at pH 4.0 were characterized by *H-NMR. The spectra are given in
Figure S18-S21. Yields (%) were calculated by relating the integrals (not included) of the resonances
resulting from H1 reducing end unit of the conjugates and unreacted oligomers at specific time points
to the sum of these integrals (100 %, theoretical yield). The following designations are used in the *H-
NMR spectra: (E)- and (Z)-oxime ((E)/(Z)-configuration of the oxime), B-N-pyr. (B-configuration of the
N-pyranoside), N-glycoside (unidentified N-glycoside conjugate) and a- and - red. (a-/B-configuration
of the anomeric proton in the reducing end A-unit). The double peaks observed for the H1 reducing end
resonances (oligomers and conjugates) result from the different chemistries of oligomers having one or
two A-units at the reducing end (DnDA and DnAA, respectively).
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Figure S18: *H-NMR characterisation of the mixture of conjugates and unreacted oligomers at

equilibrium for the reaction of D2DA with 2 equivalents of PDHA in deuterated NaAc-buffer, pH 4.0.
The yield of conjugates at equilibrium was 98 %.
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Figure S19: 'H-NMR characterisation of the mixture of conjugates and unreacted oligomers at
equilibrium for the reaction of DsXA with 10 equivalents of PDHA in deuterated NaAc-buffer, pH 4.0.
The yield of conjugates at equilibrium was 98 %.
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Figure S20: *H-NMR characterisation of the mixture of conjugates and unreacted oligomers at
equilibrium for the reaction of D2AA with 2 equivalents of ADH in deuterated NaAc-buffer, pH 4.0.
The yield of conjugates at equilibrium was 47 %.
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Figure S21: 'H-NMR characterisation of the mixture of conjugates and unreacted oligomers at
equilibrium for the reaction of DsXA with 10 equivalents of ADH in deuterated NaAc-buffer, pH 4.0.
The yield of conjugates at equilibrium was 86 %.
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S10 *H-NMR characterisation of the reaction mixtures for the DnXA-PDHA/ADH conjugates after
2 and 14 days of reduction

Conjugates prepared with D2AA and 10 equivalents of PDHA or ADH at pH 4.0 were subjected to
reduction using 3 equivalents of PB. The mixture of reduced secondary amine conjugates, non-reduced
conjugates (oximes/hydrazones and N-glycosides) and unreacted oligomers after 2 and 14 days of
reduction where characterized by *H-NMR. The spectra are given in Figure S22 and S23. The following
designations are used for the assignment in the obtained *H-NMR spectra: (E)- and (Z)-oxime ((E)/(2)-
configurations of the oxime), B-N-pyr. (B-configuration of the N-pyranoside), N-glycoside (unidentified
N-glycoside conjugate), a- and B- red. (a-/B-configuration of the anomeric proton in the reducing end A-
unit of the unreacted oligomer) and secondary amine (reduced secondary amine conjugates). Yields
(%) were calculated by relating the integrals (not included) of the resonances resulting from the H1
reducing end unit for the secondary amines, conjugates and unreacted oligomers at specific time points
to the sum of these integrals at the start of the reduction (100 %, theoretical yield). The yield of
unidentified products was calculated as the difference between the obtained and theoretical yield. In
addition, resonances resulting from PB both in its reduced (r) and oxidized form (in the area 7.3 to 8.7
ppm) are assigned in the spectra.

a-picoline borane (PB)
a0 ||| 20 ©

1o \f ?Hz
N
2N\ A4

3

H1,
Secondary
amine

H2,
Secondary
amine

e

14 days || |

H1,
(E)-oxime

H1,
a-red.

I 1 I
85 8.0 75 7.0 5.0 4.5 4.0 3.5 3.0 ppm

Figure S22: 'H-NMR characterisation of the mixture of secondary amines, conjugates and unreacted
oligomers obtained after 2 and 14 days for the reduction of DDAA-PDHA conjugates (prepared using
2 equivalents PDHA) at pH 4.0 using 3 equivalents PB.
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Figure S23: 'H-NMR characterisation of the mixture of secondary amines, conjugates and unreacted
oligomers obtained after 2 and 14 days for the reduction of DDAA-ADH conjugates (prepared using
2 equivalents ADH) at pH 4.0 using 3 equivalents PB.

S11 *H-NMR and MS characterisation of products formed in the reduction of AA-PDHA and AA-
ADH conjugates using PB

The products formed in the reduction of AA-PDHA and AA-ADH conjugates using PB (semi-preparative
scale) were fractionated by gel filtration chromatography (Figure S24). All fractions (products) were
characterized by MS (Table S2) and the main products where characterized by *H-NMR (Figure S25-
S28).
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Figure S24: Fractionation of the mixture of products formed following conjugation and reduction of
AA-PDHA and AA-ADH by gel filtration at pH 6.9. Fractionation of AA is included as a reference.

Table S2: Characterisation of the fractions from Figure S24 by MS.

lons (m/z)

Reaction _Fraction M1’ [MIH MH  MINa~ el MK
AA-PDHA 514.25 513.24 515.26 537.24 549.22 553.21

AA-PDHA  AA-PDHA(COCH)  556.26 555.25 557.27 579.25 591.23 595.22
AA-PDHA-AA 922.42 921.41 923.43 945.41 957.39 961.38
ADH_(COCH,) 358.20 357.19 359.20 381.19 - 397.16
AA 426.18 425.18 427.19 449.17 461.15 465.14
AA-ADH 582.28 581.28 583.29 605.27 - 621.24

AA-ADH AA-ADH, 724.36 723.35 725.37 747.35 759.33 763.32
AA-ADH, 866.43 865.43 867.44 889.42 - 905.39
AA-ADH-AA 988.44 987.43 989.45 1011.44 1023.41 -
AA-ADH -AA 1130.52 1129.51 1131.53 1153.51 1165.49 1169.48
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Figure S25: 'H-NMR characterisation of the AA-PDHA fraction from figure S23.
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Figure S26: 'H-NMR characterisation of the AA-PDHA(COCHs) fraction from figure S23.
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Figure S27: 'H-NMR characterisation of the AA-ADH fraction from figure S23.
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S12 2D NMR characterisation of the reduced AA-PDHA conjugate

The main fraction from the reduction of AA-PDHA conjugates (AA-PDHA, Figure S24) was studied in
detail by homo- and heteronuclear NMR correlation experiments. The NMR analysis was carried out
at the 800 MHz spectrometer in a 3 mm NMR tube. Resonances were assigned by starting at the
anomeric proton resonance and then following the proton-proton connectivity using DQF-COSY in
combination with *3C HSQC and *3C H2BC spectra. The following designations are used in the
spectra displayed in Figure S29 and S30: NRE (the non-reducing end A-unit in the conjugate), RE
(the reducing end A-unit in the conjugate), # (unique identified methylene protons from the
dioxyamine (PDHA) in the conjugate), N-acetyl (N-acetyl groups of the A-units in the conjugate). H#
refers to the proton attached to the ring carbon number (C#) for the sugar units. The water resonance
(4.75 ppm) was used as chemical shift reference for protons.

H2-H6

N-acetyl
Acetate

H1, NRE
H2, RE
H1, RE
H1, RE

N

I )

r— 7T T T
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-
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Figure S29: 1D proton spectrum for the reduced form of the AA-PDHA conjugate.
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Figure S30: *C HSQC spectrum for the reduced form of the AA-PDHA conjugate.
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Table S3: Assignment of the chemical shifts for the reduced form of the AA-PDHA conjugate.

Assignment

Structural

unit H-1; C-1 H-2; C-2 H-3; C-3 H-4; C-4 H-5; C-5 H-6; C-6 Ac-H; C
NRE 4.61;104.0 3.71;585 3.44;72.0 3.51;76.3 3.85;74.1 3.75,3.90; 63.2 2.01;24.6
RE 2.97,3.14; 54.2 4.31; 51.4 3.81;72.6 3.76; 82.2 3.39; 78.2 3.50, 3.72; 64.3 2.01; 24.6

Methylene in PDHA Middle methylene Methylene in PDHA closest to
closest to conjugation in PDHA free oxyamine end
PDHA 4.22;73.1 2.04;29.9 4.14;75.1

S13 H-NMR characterisation of the reaction mixtures for the reduction of conjugates at higher
temperatures

The mixture of reduced secondary amine conjugates, non-reduced conjugates and unreacted oligomers
obtained by one pot reductive amination at higher temperatures was characterised by *H-NMR. The
spectra are given in Figure S31-S40. The dimer, AA, was used for the reduction experiments and the
yields (%) were calculated by relating the integrals of the resonances from the various products to the
integral of the resonance resulting from the H1 of the non-reducing A-unit set to 1 (100 %) in all spectra.
The vyield of unidentified products was calculated as the difference between the sum of reduced
conjugates, non-reduced conjugates and unreacted oligomers and the theoretical yield (100 %). As the
resonance from H2 secondary amine completely overlapped the resonance resulting from the 3-N-
pyranoside for the AA-ADH conjugates, the remaining non-reduced conjugates was calculated by
subtracting the integral resulting from one of the secondary amine protons from the total integral for the
overlapping resonances. The following designations are used in the *H-NMR spectra: (E)- and (2)-
oxime ((E)/(Z)-configuration of the oxime), B-N-pyr. (B-configuration of the N-pyranoside), N-glycoside
(unidentified N-glycoside conjugate), a- and B- red. (a-/B-configuration of the anomeric proton in the
reducing end A-unit) and secondary amine (reduced secondary amine conjugates).
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Figure S31: 'H-NMR characterisation of the mixture of secondary amines, conjugates and unreacted
oligomers obtained for the one pot reductive amination with AA, 10 equivalents of PDHA and 20
equivalents of PB at RT for 8 hours.
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Figure S32: 'H-NMR characterisation of the mixture of secondary amines, conjugates and unreacted
oligomers obtained for the one pot reductive amination with AA, 10 equivalents of PDHA and 20
equivalents of PB at 40 °C for 8 hours.
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Figure S33: 'H-NMR characterisation of the mixture of secondary amines, conjugates and unreacted
oligomers obtained for the one pot reductive amination with AA, 10 equivalents of PDHA and 20
equivalents of PB at 60 °C for 8 hours.
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Figure S34: 'H-NMR characterisation of the mixture of secondary amines, conjugates and unreacted
oligomers obtained for the one pot reductive amination with AA, 10 equivalents of PDHA and 20
equivalents of PB added in four portions (5 equivalents added at 0, 2, 4 and 6 hours) at 60 °C for 8
hours.
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Figure S35: 'H-NMR characterisation of the mixture of secondary amines, conjugates and unreacted
oligomers obtained for the one pot reductive amination with AA, 10 equivalents of PDHA and 40
equivalents of PB added in five portions (5 equivalents added at 0, 2, 4 and 6 hours and 20
equivalents added after 8 hours) at 60 °C for 24 hours.
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Figure S36: 'H-NMR characterisation of the mixture of secondary amines, conjugates and unreacted
oligomers obtained for the one pot reductive amination with AA, 10 equivalents of ADH and 20
equivalents of PB at RT for 8 hours.
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Figure S37: 'H-NMR characterisation of the mixture of secondary amines, conjugates and unreacted

oligomers obtained for the one pot reductive amination with AA, 10 equivalents of ADH and 20
equivalents of PB at 40 °C for 8 hours.
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Figure S38: 'H-NMR characterisation of the mixture of secondary amines, conjugates and unreacted

oligomers obtained for the one pot reductive amination with AA, 10 equivalents of ADH and 20
equivalents of PB at 60 °C for 8 hours.
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Figure S39: 'H-NMR characterisation of the mixture of secondary amines, conjugates and unreacted
oligomers obtained for the one pot reductive amination with AA, 10 equivalents of ADH and 20
equivalents of PB added in four portions (5 equivalents added at O, 2, 4 and 6 hours) at 60 °C for 8

hours.
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Figure S40: 'H-NMR characterisation of the mixture of secondary amines, conjugates and unreacted
oligomers obtained for the one pot reductive amination with AA, 10 equivalents of ADH and 40
equivalents of PB added in five portions (5 equivalents added at 0, 2, 4 and 6 hours and 20
equivalents added after 8 hours) at 60 °C for 24 hours.
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S14 Conjugation of PDHA and ADH to Dexti (Glc) studied by time course NMR

Conjugation of ADH and PDHA to Dext: (Glc) was studied by time course NMR. *H-NMR spectra at
defined time points and the course of the reaction using 2 equivalents of PDHA and ADH at pH 4.0,
are given in Figure S41 and S42, respectively. Yields (%) were calculated by relating the integrals
(not included) of the resonance resulting from the H1 reducing end unit for the conjugates and
unreacted oligomers at specific time points to the sum of these integrals (100 %, theoretical yield).

a)
CH,0 o~y NH,
HO/Xﬁ& + HN NH, ——» HO %8 ¢ ° HO 2084 HO o8y
HOA =0 * o™ o T == o N N PGS NS L A N N
OH ol . OH .
Glc PDHA (2)-oxime (E)-oxime p-N-pyranoside
b) c)
He,
H1, (Evoxme A a+p-red. m E-oxime + Z-oxime
(Eraime 100 1 ® B-N-pyr. ® Cobined yield
He, A o ° . .
H1, (2)-oxime |
(@-oxime g, 80 14 °
a-red. R ]
21.8h — .
R 601 L, e
. [ ] [
% ry m = -
7.7h £ 40 A LN L
LI
o u .
[
. ] (]
37h J—L 201 % ® o 2 :
' :‘ 0% L 4 e o 6 - 2
(PR A4
[ o e . . . . .
1.7h Il 0 5 10 15 20 25 30
T T T T T i
76 74 72 70 68 52 50 48 46 4dppm Time (h)

Figure S41: a) conjugation of PDHA to Dext: (Glc), b) *H-NMR spectra at defined time points for
the conjugation of PDHA (2 equivalents) to Dext: (Glc), pH 4.0 c) course of the reaction obtained
from the integration of the spectra shown in a).
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Figure S42: a) conjugation of ADH to Dext1 (Glc), b) *H-NMR spectra at defined time points for the
conjugation of ADH (2 equivalents) to Dext: (Glc), pH 4.0 c) course of the reaction obtained from
the integration of the spectra shown in a).
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S15 'H-NMR characterisation of the equilibrium mixtures for the conjugation reactions with
Dextn oligomers

The mixture of conjugates and unreacted oligomers at equilibrium for the reactions of Dext, with 2
equivalents PDHA or ADH at pH 4.0 were characterized by *H-NMR. The spectra are given in Figure
S43-S46. The following designations are used in the *H-NMR spectra: (E)- and (Z)-oxime ((E)/(2)-
configuration of the oxime), B-N-pyr. (B-configuration of the N-pyranoside) and a- and (- red. (a-/B-
configuration of the anomeric proton in the reducing end Glc-unit).
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Figure S43: 'H-NMR characterisation of the mixture of conjugates and unreacted oligomers at
equilibrium for the reaction of Dext1 (Glc) with 2 equivalents of PDHA in deuterated NaAc-buffer,
pH 4.0. The yield of conjugates at equilibrium was 92 %.

28



(E)-oxime

H1,
a-red.

5.0 4.5 4.0 ppm

H1,
(E)-oxime

H1,

(Z)-flxime LJ

I I T I I I I
8.0 7.0 6.0 5.0 4.0 3.0 2.0 ppm
Figure S44: 'H-NMR characterisation of the mixture of conjugates and unreacted oligomers at
equilibrium for the reaction of Dexts with 2 equivalents of PDHA in deuterated NaAc-buffer, pH
4.0. The yield of conjugates at equilibrium was 90 %.
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Figure S45: 'H-NMR characterisation of the mixture of conjugates and unreacted oligomers at
equilibrium for the reaction of Dexta (Glc) with 2 equivalents of ADH in deuterated NaAc-buffer,
pH 4.0. The yield of conjugates at equilibrium was 49 %.
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Figure S46: 'H-NMR characterisation of the mixture of conjugates and unreacted oligomers at
equilibrium for the reaction of Dexts with 2 equivalents of ADH in deuterated NaAc-buffer, pH
4.0. The yield of conjugates at equilibrium was 38 %.

S16 'H-NMR characterisation of the reaction mixtures for the one pot reductive amination
reaction of AA and Dexts with PDHA or ADH after 2 and 5 days

The one pot reductive amination of AA and Dexts with 2 equivalents of ADH or PDHA and 3 equivalents
of PB at pH 4.0 was studied by time course NMR. The spectra obtained for the mixture of reduced
secondary amine conjugates, non-reduced conjugates (oximes/hydrazones and N-glycosides) and
unreacted oligomers after 2 and 5 are given in Figure S47-S50. The following designations are used in
the *H-NMR spectra: (E)- and (Z)-oxime ((E)/(Z)-configuration of the oxime), B-N-pyr. (B-configuration
of the N-pyranoside), N-glycoside (unidentified N-glycoside conjugate), a- and B- red. (o-/B-
configuration of the anomeric protons in the reducing end unit of the unreacted oligomers) and
secondary amine (reduced secondary amine conjugates). In addition, resonances resulting from PB
both in its reduced (r) and oxidized form (in the area 7.3 to 8.7 ppm) are assigned in the spectra. Yields
(%) were calculated by relating the integrals (not included) of the resonances resulting from the H1
reducing end unit for the secondary amines, conjugates and unreacted oligomers the sum of these
integrals at the start of the reduction (100 %, theoretical yield). The yield of unidentified products was
calculated as the difference between the obtained and theoretical yield. The yields (%) obtained after 2
and 5 days of reaction are summarized in Table S4.
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Figure S47: 'H-NMR characterisation of the mixture of secondary amines, conjugates and
unreacted oligomers obtained after 2 and 5 days for the one pot reductive amination of Dexts with 2
equivalents PDHA and 3 equivalents PB at pH 4.0. The yield of secondary amines obtained after 5
days was 71 %.
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Figure S48: 'H-NMR characterisation of the mixture of secondary amines, conjugates and
unreacted oligomers obtained after 2 and 5 days for the one pot reductive amination of Dexts with 2
equivalents ADH and 3 equivalents PB at pH 4.0. The yield of secondary amines obtained after 5
days was 61 %.
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equivalents PDHA and 3 equivalents PB at pH 4.0. The yield of secondary amines obtained after 5
days was 9 %.
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unreacted oligomers obtained after 2 and 5 days for the one pot reductive amination of AA with 2
equivalents ADH and 3 equivalents PB at pH 4.0. The yield of secondary amines obtained after 5

days was 6 %.
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Table S4. Yields (%) obtained from the *H-NMR spectra after 2 and 5 days (Figure S47-S50) for the
one pot reductive amination reactions of Dexts and AA with 2 equivalents PDHA or ADH and 3
equivalents PB at pH 4.0.

Reaction PDHA/ADH PB Time Reduced Non- Unreacted  Unidentified
[equivalents] [equivalents] [days] conjugates reduced oligomers products®
[%] conjugates [%] [%]
[%]

2 31 64 5 0
Dext,-PDHA 2 3

5 70 28 2 0

2 23 30 47 0
Dexts-ADH 2 3

5 61 17 22 0

2 2 73 19 6
AA-PDHA 2 3

5 9 56 5 30

2 4 37 58 1
AA-ADH 2 3

5 6 47 39 8

[a] The yield of unidentified products was calculated as the difference between the formation of reduced (secondary amine)
conjugates and the decrease in non-reduced conjugates and unreacted oligomers. Hence, yield of unidentified products (%) =
theoretical yield (100 %) — yield of reduced conjugates (%) — yield of non-reduced conjugates (%) — yield of unreacted
oligomers (%).
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ABSTRACT: Diblock oligosaccharides based on renewable resources allow for a range of new but, so far, little explored
biomaterials. Coupling of blocks through their reducing ends ensures retention of many of their intrinsic properties that otherwise
are perturbed in classical lateral modifications. Chitin is an abundant, biodegradable, bioactive, and self-assembling polysaccharide.
However, most coupling protocols relevant for chitin blocks have shortcomings. Here we exploit the highly reactive 2,5-anhydro-p-
mannose residue at the reducing end of chitin oligomers obtained by nitrous acid depolymerization. Subsequent activation by
dihydrazides or dioxyamines provides precursors for chitin-based diblock oligosaccharides. These reactions are much faster than for
other carbohydrates, and only acyclic imines (hydrazones or oximes) are formed (no cyclic N-glycosides). a-Picoline borane and
cyanoborohydride are effective reductants of imines, but in contrast to most other carbohydrates, they are not selective for the
imines in the present case. This could be circumvented by a simple two-step procedure. Attachment of a second block to hydrazide-
or aminooxy-functionalized chitin oligomers turned out to be even faster than the attachment of the first block. The study provides
simple protocols for the preparation of chitin-b-chitin and chitin-b-dextran diblock oligosaccharides without involving protection/
deprotection strategies.

Bl INTRODUCTION oligosaccharides having a N-acetyl-p-glucosamine (GIcNAc)
Block polysaccharides are a new class of engineered polymers residue at the reducing end.® Here we take advantage of chitins
based on renewable resources.”> Amon g these, diblock with a reactive 2,5-anhydro-p-mannose residue at the reducing
polysaccharides, which are composed of two different oligo- end. In contrast to alkyne/azide click chemistry, where each
or polysaccharide blocks (Figure 1), represent the simplest block needs to be modified prior to coupling®™’ our
type. By attaching the blocks at the chain termini, their methodology takes advantage of the native reducing end for

intrinsic properties are minimally perturbed.>* In this respect,
they are analogous to synthetic AB-type block copolymers.
However, the broad range of chemical, physical, and biological
properties of natural and abundant polysaccharides is very
different from most synthetic blocks. Examples include
solubility, crystallinity, interactions with ions, pH responses,
and above all, biodegradability. This work focuses on the
preparation of chitin-based diblock oligosaccharides by using
the dihydrazide/dioxyamine copper-free and aniline-free
conjugation methodology recently applied to chitosan

attachment of blocks to bivalent dihydrazides and dioxyamines
(Figure 1).
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Figure 1. Preparation of a diblock polysaccharide by a two-step strategy. First, a bivalent linker is attached to the reducing end of oligosaccharide 1.

Oligosaccharide 2 is subsequently attached.
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Figure 2. (a) Preparation of chitin oligomers (A,M) by degradation of chitosan (e.g.,, Fy = 0.48) using an excess nitrous acid (HONO). (b)
Chemical structure of an A,M oligomer. (c) Chemical structure of PDHA and ADH. (d) Chemical structure of a nonreduced A,M conjugate. (e)
Chemical structure of a reduced A,M conjugate. (f) Chemical structure of PB.

Chitin is a component of the exoskeleton of shrimp and
crabs and is available in large quantities as a byproduct in
aquaculture. It is exclusively composed of -1,4-linked GIcNAc
(A) residues and, consequently, the fraction of acetylated units
(F,) is 1. Chitin has self-assembly properties and becomes
water insoluble and crystalline above DP 6. In contrast to
chitosans, which can be obtained by partial de-N-acetylation of
chitin (F, < 1), it is not responsive to changes in pH. Chitin
can be degraded by chitinases or by chemical methods to form
chitooligosaccharides, which may have biological effects,
including eliciting defense responses in plants and anticancer
properties in animals.'’”"® Enzymatically degradable chitin—
cellulose™ and chitin—poly(propylene glycol)'® diblocks have
been described in the literature. However, their synthesis
involved protection/deprotection of hydroxyls and diisocya-
nate coupling via the natural reducing ends.

Nitrous acid (HONO) depolymerization of chitosan (Figure
2a) is a commonly used alternative to enzymatic degradation
or acid hydrolysis to prepare chitooligosaccharides with a 2,5-
anhydro-p-mannose (M) residue at the reducing end.'®'” The
HONO only affects the D-glucosamine (GIcN, D) residues of
the chitosan and, hence, chitin oligomers (A,M) can be
obtained by using an excess HONO to the fraction of D
residues (Fp = 1 — F,). The pending aldehyde of the M
residue (Figure 2b) makes such oligomers particularly reactive.
This has been exploited to prepare self-branched chitosans'® as
well as a range of end-activated chitosan oligomers for
subsequent preparation of chitosan-based copolymers.'*~>!
In contrast, block polysaccharides exploiting A,M chitin
oligomers have to our knowledge not been explored.

Here we report the conjugation of chitin oligomers of the
type A,M (where n refers to the number of A residues; hence,
the degree of polymerization (DP) = n + 1) to adipic acid
dihydrazide (ADH) and O,0'-1,3-propanediyl-bishydroxyl-
amine (PDHA) as the first step to form activated chitin
oligomers (A,M-ADH and A,M-PDHA; Figure 2b—d). The
study includes the irreversible reduction of conjugates to form
stable secondary amine conjugates (Figure 2e) using a-picoline
borane (PB) as reductant (Figure 2f).>**7*° In the second
step, we explore, in a similar way, the attachment of a second
oligosaccharide block to both ADH- and PDHA-activated A,M
to prepare two different chitin-based diblocks with antiparallel
chains: A,M-b-MA, and A M-b-Dext,,. Dext,, refers to dextran
oligomers with m residues. Dextran is a neutral and flexible
polysaccharide composed of p-glucose residues linked by a-
1,6-linkages, with some short branches.”®*” The diblocks were
purified by gel filtration chromatography (GFC) and
characterized by NMR. The outcome of the study includes
kinetic and structural data for each conjugation step as well as
protocols for preparing activated oligosaccharides and pure
diblock polysaccharides, the latter forming a basis for future
structure—function studies.

B MATERIALS AND METHODS

Materials. High molecular weight chitosan (F, = 0.48, [7] = 1210
mL/g) was obtained from Advanced Biopolymers (Norway). The
fraction of acetylated units (F,) was confirmed by 'H NMR
spectroscopy.”® Dextran T-2000 (M,, = 2000000 g/mol) was obtained
from Pharmacia Fine Chemicals. Adipic acid dihydrazide (ADH),
0,0’-1,3-propanediylbishydroxylamine dihydrochloride (PDHA), and
2-methylpyridine borane complex (a-picoline borane, PB) were

2885 https://dx.doi.org/10.1021/acs.biomac.0c00620
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obtained from Sigma-Aldrich. All other chemicals were obtained from
commercial sources and were of analytical grade.

Gel Filtration Chromatography (GFC). Preparative and
analytical gel filtration chromatography (GFC) were used for
fractionation of chitin oligosaccharides and fractionation of products,
respectively, as described earlier.’ In brief, both systems were
composed of Superdex 30 columns (BPG 140/950 (140 mm X 95
cm) and HiLoad 26/600 (26 mm X 60 cm), respectively) connected
in series, continuously eluting ammonium acetate (AmAc) buffer
(0.15 M, pH 4.5 and 0.1 M, pH 6.9, respectively). Fractionation was
monitored online using a refractive index (RI) detector and fractions
were collected and pooled according to elution times. The pooled
fractions were reduced to appropriate volumes, dialyzed (MWCO =
100—-500 Da) against ultrapure Milli-Q (MQ) water until the
measured conductivity of the water was <2 #S/cm and freeze-dried or
freeze-dried directly without dialysis.

NMR Spectroscopy. Samples for NMR characterization were
dissolved in D,0 (450—600 uL, approx. 10 mg/mL). For some
samples, 1% sodium 3-(trimethylsilyl)-propionate-d, (TSP, 3 uL) was
added as an internal standard. Samples for the time course NMR
experiments were prepared in deuterated NaAc buffer (500 mM, pH
=3.0, 4.0, or 5.0, 2 mM TSP).

All homo- and heteronuclear NMR experiments were carried out
on a Bruker Ascend 14.1 T 600 MHz or a Bruker Ascend 18.8 T 800
MHz spectrometer (Bruker BioSpin AG, Fillanden, Switzerland),
both equipped with Avance III HD electronics and a S mm Z-gradient
CP-TCI cryogenic probe.

Characterization of oligomers, purified conjugates or other
products was performed by obtaining 1D "H NMR spectra at 300
K on the 600 MHz spectrometer. Time-course experiments were
performed by obtaining 1D 'H NMR spectra at specific time points at
300 K on the 600 MHz spectrometer. Chemical shift assignments
were performed at 298 K on the 800 MHz spectrometer by obtaining
the following homo- and heteronuclear NMR spectra: 1D proton, 2D
double quantum filtered correlation spectroscopy (DQF-COSY), 2D
total correlation spectroscopy (TOCSY) with 70 ms mixing time, 2D
"3C heteronuclear single quantum coherence (HSQC) with multi-
plicity editing, 2D "*C heteronuclear 2 bond correlation (H2BC), 2D
3C HSQC-['H,'"H]TOCSY with 70 ms mixing time on protons, and
2D heteronuclear multiple bond correlation (HMBC) with BIRD
filter to suppress first order correlations.

All spectra were recorded, processed, and analyzed using TopSpin
3.5pl7 software (Bruker BioSpin).

Preparation of Chitin Oligomers by Nitrous Acid Degrada-
tion. Chitosan (F, = 0.48, 20 mg/mL) was dissolved in acetic acid
(AcOH, 2.5 vol %) by stirring overnight. Dissolved oxygen was
removed by bubbling the solution with N, gas for 15 min. After
cooling the solution to approximately 4 °C, a freshly prepared NaNO,
solution (20 mg/mL, 30% excess mole NaNO,: mole D-units) was
added in three portions with 45 min intervals. The reaction mixture
was agitated in the dark at 4 °C overnight on a shaking device to
ensure complete degradation. The degradation mixture was
centrifuged using an Allegra X-15R centrifuge (Beckman Coulter)
equipped with a SX4750A rotor (30 min, 4750 rpm), and the pellet
was washed with AcOH (2.5 vol %). The washing and centrifugation
steps were repeated three times to remove insoluble high molecular
weight chitin oligomers. The supernatant (containing water-soluble
low molecular weight chitin oligomers) was filtered (S and 45 ym)
and freeze-dried. The water-soluble chitin oligomers (DP < 10) were
fractionated according to a degree of polymerization (DP) using the
preparative GFC system (0.15 M AmAc, pH 4.5). Oligomer fractions
were dialyzed (MWCO = 100—500) against MQ-water until the
measured conductivity was <2 uS/cm and freeze-dried. Purified
oligomers were characterized by 1D 'H NMR (600 MHz
spectrometer).

Preparation of Dextran Oligomers by Acid Degradation.
Dextran T-2000 (M,, = 2000000, S0 mg/mL) was dissolved in MQ-
water overnight. HCI (0.1 M) was added to give a final concentration
of 0.05 M HCl and 25 mg/mL dextran. Degradation was performed at
95 °C for 12 h. The degradation mixture was fractionated using the
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preparative GFC system to obtain dextran oligomers (Dext,) of
specific DP (m = DP). Dext,, oligomers were purified by dialysis as
above and characterized by 1D 'H NMR (600 MHz spectrometer).

Conjugation and Reduction Studied by Time-Course NMR.
Time-course NMR experiments were performed as described earlier.”
In brief, chitin oligomers (A,M) or dextran oligomers (Dext,,; 20.1
mM) and 2 equiv ADH or PDHA (40.2 mM) were dissolved
separately in deuterated NaAc buffer (500 mM, pH = 3.0, 4.0 or 5.0, 2
mM TSP) and transferred to a S mm NMR tube. For the time-course
reduction experiments, 3 equiv (60.3 mM) of PB or 3 or 10 equiv
(60.3 or 201 mM) of NaCNBH; were added directly to the NMR
tube with equilibrium mixtures of conjugates. Concentrations given in
parentheses are final concentrations after mixing. Mixing of reagents
in the NMR tube or addition of reducing agent served as time zero (f
=0). 1D "H NMR spectra were recorded at desired time points (600
MHz spectrometer, 300 K), and the course of the reactions was
tracked by integration of the spectra. Samples were held at room
temperature between recordings. Equilibrium yields and yields from
the reduction of conjugates in the NMR tube were obtained by
integration of the 'H NMR spectra.

For experiments where a large excess of PB (20 equiv) was used,
equilibrium mixtures with nonreduced conjugates were removed from
the NMR tube and reduced in a separate vial.

Preparative Protocol for Reduced Conjugates (Activated
Chitin Oligomers). Chitin oligomers (A,M, 20.1 mM) and 10 equiv
of ADH or PDHA (201 mM) were dissolved in NaAc buffer (500
mM, pH 4.0) to which 3 or 20 equiv of PB (60.3 or 420 mM),
respectively, were added after >6 h. The reduction was performed at
room temperature for 24 or 48 h for A M-ADH or A M-PDHA
conjugates, respectively. Reactions were terminated by dialysis
(MWCO = 100—500 Da) against 0.05 M NaCl until the insoluble
PB was dissolved and, subsequently, freeze-dried. Conjugates were
purified by GFC (analytical scale) and freeze-dried directly several
times to remove the volatile GFC buffer (0.1 M AmAc). Purified
conjugates were characterized by NMR spectroscopy (600 MHz
spectrometer). Chemical shift assignment for the purified A,M-PDHA
conjugate was performed by homo- and heteronuclear NMR
spectroscopy (800 MHz spectrometer).

Preparation of Chitin Diblock Structures Using a Sub-
stoichiometric Amount of ADH or PDHA. Chitin oligomers
(A,M, 20.1 mM) and 0.5 equiv of PDHA or ADH (10.0S mM) were
dissolved in deuterated NaAc buffer (500 mM, pH 4.0) and the
conjugation was studied by time-course NMR, as described above.
Reduction with 3 or 20 equiv PB, fractionation, and characterization
of products were performed as described for the preparative protocol,
however, with a longer reduction time (96 h) for the diblocks formed
with PDHA.

Preparation of Diblock Structures from Activated Chitin
Oligomers. Purified chitin oligomer conjugates (A,M-ADH or A, M-
PDHA, 20.1 mM) were reacted with equimolar concentrations of
chitin oligomers (A,M) or dextran oligomers (Dext,,) to form diblock
structures (in S00 mM deuterated NaAc buffer, pH 4.0, RT). The
conjugation of the second block was monitored by time-course 'H
NMR until equilibrium was reached. Reduction of chitin diblocks
(A,M-b-MA,) was performed as described for the preparative
protocol using 3 equiv PB. Due to slow reduction of Dext,
conjugates, reduction was performed using 20 equiv (402 mM) PB
at 40 °C for 96 h for the A, M-PDHA-Dext,, diblocks and 144 h for
the A,M-ADH-Dext,, diblocks. Fractionation and characterization of
products were performed as above. The relative yield of diblocks was
obtained by integration of the GFC chromatogram.

B RESULTS AND DISCUSSION

Preparation and Characterization of Chitin
Oligomers. Chitin oligomers of the type A,M were obtained
by degrading chitosan using an excess of nitrous acid (HONO)
to the fraction of D residues. The mixture of water-soluble
chitin oligomers was fractionated by GFC (Supporting
Information, S1). Purified oligomers were characterized by

https://dx.doi.org/10.1021/acs.biomac.0c00620
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Figure 3. "H NMR characterization of purified (a) A,M and (b) A,M oligomers in D,0 (600 MHz).

'"H NMR (Figure 3), and key resonances were annotated
according to literature.'” The reducing end “aldehyde” proton
appears as a doublet at 4.9 ppm due to complete hydration in
water to the corresponding gem-diol.'” The minor resonances
around S ppm (marked as M’ in Figure 3) were tentatively
assigned to alternative forms of the M residue predicted in the
literature.”” These alternative forms (<15%) are not easily
detected and, in particular, not quantified for longer oligomers
of the DM type (where n is the number of contiguous
uninterrupted D residues)'® due to weak reducing end
resonances. Also, a major difference between A M and DM
oligomers is the requirement for excess HONO in the
preparation of the former, which may possibly influence the
formation of these alternative M forms.

Reaction with ADH and PDHA. The conjugation of the
trisaccharide A,M to ADH or PDHA (2 equiv) was studied in
detail by time course NMR at pH 3.0, 4.0, and 5.0 (Supporting
Information, S2). "H NMR spectra of the equilibrium mixtures
for the conjugation reactions at pH 4.0 are given in Figure 4. In
agreement with the literature,'” only E-/Z-hydrazones or
oximes were formed. Minor resonances close to the main
resonances for the E- and Z-hydrazones or oximes were
attributed to the conjugation of oligomers with alternative
forms of the M residue (marked as H1, M’ in Figure 4).

Kinetics. Kinetic plots for the conjugation of A,M to ADH
(hydrazone formation) and PDHA (oxime formation) are
given in Figure Sa and b, respectively. The combined yield is
the sum of E- and Z-hydrazones/oximes for all the forms of the
M residue. Compared to chitosan oligomers with GlcNAc (A)
at the reducing end,” A,M oligomers reacted much faster with
both ADH and PDHA under otherwise identical conditions
(results obtained for AA® are included in Figure S). With 2
equiv of ADH or PDHA, reactions were essentially complete
after 4—6 h.
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Reaction modeling is a powerful tool to simulate reactions,
and to predict the effects of, for example, changing the
concentration of reactants. We have previously shown that the
conjugation of chitosan oligomers (with A at the reducing end)
to ADH and PDHA, was first order with respect to each
reactant in the range 2-10 equiv.5 In contrast to these
oligomers, the model for A,M becomes simpler because cyclic
N-glycosides are not formed. The model is detailed in
Supporting Information, S3. The outcome of the modeling is
estimated rate constants for the formation and dissociation of
E-/Z-hydrazones and oximes. Rate constants for best fits are
given in Table 1. We also included the times to reach 50% and
90% of the combined equilibrium yields (t,5 and t,o; Table 1).
This provides a clearer picture when comparing different
reactions and reaction protocols and also follows the method
devised for other conjugation reactions.”** In general, all
experimental data gave relatively good fits, except a slight
deviation in the range between 85 and 100% conversion, which
can tentatively be attributed to the minor population of
alternative forms of the M residue reacting somewhat more
slowly (Supporting Information, $4). It may also be noted that
the rate constants for the dissociation of E- and Z-conjugates
needed to have the same value in order to obtain the good fits
for the data to the model. The kinetics, equilibrium constants,
and reaction yield depended slightly on pH, with pH 5.0 giving
the fastest reactions in both cases (Table 1). However, pH 4.0
was used in further conjugations due to the pH dependence for
the reduction step (see below).

The table includes kinetic data for a higher DP, in this case,
the hexamer A;M. As for the chitosan oligomers studied
previously,” the reaction kinetics appeared to be essentially
independent of DP in the range studied. It may be noted that
A,M becomes gradually less soluble in the buffer when n > 3.

https://dx.doi.org/10.1021/acs.biomac.0c00620
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Figure 4. (a) General reaction scheme for the conjugation of A,M to ADH (dihydrazide) or PDHA (dioxyamine). (b and c) 'H NMR spectra of
the equilibrium mixtures obtained for the conjugation of A;M to PDHA and ADH, respectively.
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Figure §. Reaction kinetics for the conjugation of A,M oligomers (20.1 mM) to 2 equiv of (a) ADH (hydrazone formation) and (b) PDHA (oxime
formation) at pH 3.0, 4.0, and $.0. Kinetics for the conjugation of AA at pH 4.0° is included for comparison.

Hence, longer oligomers can therefore not be easily prepared
and studied by the present method.

Reduction. Most conjugations of this type are combined
with an irreversible reduction step to obtain stable secondary
amine conjugates. It was recently confirmed that PB can be a

here. Besides being less toxic, PB also spontaneously
decomposes more slowly (about 20X) than NaCNBHj;
under the given conditions (Supporting Information, SS).
Although PB has low solubility in the aqueous buffer at room

good alternative to sodium cyanoborohydride (NaCNBHj) for
similar conjugations of chitosan oligomers with natural
reducing ends,” prompting us to attempt a similar approach
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temperature, stirring was shown to increase the reduction rate,

suggesting the reduction also takes place at the surface of the

undissolved particles.””'

https://dx.doi.org/10.1021/acs.biomac.0c00620
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Table 1. Kinetic Parameters Obtained from the Modeling of the Conjugation of A (A,M) to B (ADH, PDHA or A,M-ADH)

Using Different Equivalents of B*

equivalents A+BoE A+BoZ
A B B pH k (h7Y) k. (b7 k (h7) ko, (h7) tos (h) tyo (h) equilibrium yield (%)
AM ADH 2 3.0 3.1%x 1077 4.0 x 107" 4.1 x 1073 4.0 x 107! 0.22 0.78 85
AM ADH 2 4.0 1.8 X 1072 2.0 x 107! 2.5 % 1073 2.0 x 107! 0.38 1.37 87
AM ADH 2 5.0 4.1 x 107* 7.0 X 107 5.8 x 1073 7.0 x 107! 0.16 0.55 81
AM PDHA 2 3.0 2.8 X 1072 2.5 x 107" 12 X 1072 2.5 x 107! 0.21 0.75 91
AM PDHA 2 4.0 24 x 107* 22 x 107" 1.0 X 1072 22 x 107! 0.24 0.87 91
AM PDHA 2 5.0 3.5 % 1077 4.5 x 107" 1.6 X 1072 4.5 x 107 0.16 0.56 88
AM ADH 2 4.0 3.0 x 107 3.5 %107 4.0 X 1073 3.5 %107 023 0.82 86
AM PDHA 2 4.0 23X 1072 8.0 X 1072 1.0 x 107° 8.0 X 107 027 0.97 96
AM ADH 0.5 4.0 4.0 x 107 9.0 x 107" 5.8 X 107 9.0 x 107! 0.06 0.28 73
AM PDHA 0.5 4.0 12 x 107! 6.0 X 107* 52X 107 6.0 X 1072 0.22 121 88
AM AM-ADH 1 4.0 7.3 X 1072 1.5 x 107" 1.1 x 1072 1.5 x 107" 0.3 1.57 74

“E: E-hydrazone/oxime. Z: Z-hydrazone/oxime. Two different models were applied. The first model estimates the individual rate constants for the
formation and dissociation of E (k; and k_;) and Z (k, and k_,), whereas the second model considers the total (E + Z) as a single reaction product,
providing times needed to reach 50% and 90% (t,5 and t,,) of the equilibrium yield.

The high reactivity of the pending aldehyde (gem-diol) of
the M residue, prompted us to first investigate possible
reduction of A,M oligomers, which would render the
oligomers unreactive for further conjugation. The reduction
by PB was therefore assayed by time course NMR in the pH
range 3.0—5.0. Reduction by NaCNBH; at pH 4.0 was
included for comparison. Kinetic data are shown in Figure 6.

Oligomer reduction
100

—e—3xPBpH3.0
80

—=—3xPBpH 4.0

60 —e—3xPBpHS5.0

—&— 3x NaCNBH3 pH 4.0

40

Intact oligomer (%)

20

20
Time (hours)

30 40

Figure 6. Reaction kinetics for the reduction of A,M oligomers at pH
3.0, 4.0, and 5.0 using 3 equiv (3X) PB at RT. Reduction at pH 4.0
using 3 equiv NaCNBH; at RT, is included in the figure for
comparison. NMR spectra are shown in Supporting Information, S6.

NMR spectra are given in the Supporting Information, S6.
Complete reduction by PB was obtained after approximately
20, 12, and 40 h for pH 3.0, 4.0, and 5.0, respectively. Data
were further fitted to a kinetic model assuming the rate of
reduction (assumed irreversible) is proportional to the
concentrations of each reactant. The rate constants are given
in Table 2. With NaCNBH; reduction was complete after less
than 12 h at pH 4.0. These results contrast with those of
natural reducing ends such as the AA disaccharide, where no
detectable reduction was observed under the same conditions
(Supporting Information, S6). Hence, both reductants result in
significant reduction of the A,M oligomers, which directly
influences the protocols for reductive amination, as discussed
below.

The reduction of A,M conjugates (oximes and hydrazones)
was subsequently investigated by adding PB (3 equiv) to the
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Table 2. Rate Constants Obtained for the Reduction of
Hydrazones and Oximes by PB (3X) Assuming Both
Isomers (E-/Z-forms) of the Conjugates Are Reduced with
the Same Rate”

rate constants (h™")

pH 3.0 4.0 5.0
A,M (unreacted oligomer) 1L1x102  15x107%  70x 1073
A,M-ADH (hydrazone) 40x 107 1.5x1072  30x 107
A,M-PDHA (oxime) 15X 107 42x 107  80x 107"

“Rate constants for the reduction of oligomers by PB are included for
comparison. PInaccurate (initially fast, then slow).

corresponding reaction mixtures after equilibrium was reached
(i.e, after >12 h). Bases for the time course NMR analyses
were the reduced intensity of the E- and Z-resonances, as well
as emergence of methylene proton resonances of the secondary
amine in the 'H NMR spectra (Supporting Information, S7).
Kinetic plots are given in Figure 7.

Hydrazone (A,M-ADH) reduction with PB (Figure 7a) is
indeed very fast in this system, and clearly fastest at pH 3.0,
where complete reduction of conjugates is obtained after about
10 h at RT. The reduction here is slightly slower at pH 4.0, and
much slower at pH 5.0. The same pH dependence is also
observed for oxime (A,M-PDHA) reduction (Figure 7b),
except that the reduction is generally much slower, being
complete after about 150—200 h. The pH-dependence of
hydrazone and oxime reduction by PB has to our knowledge
not been studied in detail, but we attribute the faster reduction
at lower pH to the formation of reducible iminium ions by
protonation. Hydrazone and oxime reduction by NaCNBHj,
(pH 4.0) was also investigated. Complete hydrazone reduction
was obtained after approximately 1 h with 3 equiv of
NaCNBH; (Figure 7a). Oxime reduction was slower under
the same conditions, however, with an initial rate similar to
that of PB at pH 3.0 (Figure 7b). Due to the rapid
decomposition of NaCNBH; in the buffer, 3 equiv were
insufficient to reach completion, leveling off at approximately
90% yield. In contrast to PB, which is poorly soluble at higher
concentrations, 10 equiv of NaCNBH; could be completely
dissolved, enabling monitoring of the oxime reduction. As
expected, the rate of reduction increased correspondingly, and
resulted in complete reduction in less than 20 h (Figure 7b).

https://dx.doi.org/10.1021/acs.biomac.0c00620
Biomacromolecules 2020, 21, 2884—2895
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Figure 7. Reaction kinetics for the reduction of (a) A,M-ADH conjugates (hydrazone reduction) and (b) A,M-PDHA conjugates (oxime
reduction) at pH 3.0, 4.0, and 5.0 using 3 equiv (3X) PB at RT. Reduction of conjugates at pH 4.0 using 3 or 10 equiv NaCNBHj at RT, is

included in the figures for comparison.
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Figure 8. "H NMR spectra of reduced and purified (a) A;M-PDHA and (b) A;M-ADH conjugates.

The kinetic data in Figure 7 could be fitted to the model for
the reductive amination using the previously obtained rate
constants for the formation and dissociation of hydrazones or
oximes (Table 1), as well as the rate constants for aldehyde
reduction (Table 2). Hence, the rate of hydrazone or oxime
reduction (assumed being irreversible and E- and Z-forms
being equally reactive) became the only adjustable kinetic
parameter. In general, reasonably good fits were obtained
(Supporting Information, S8). The obtained rate constants for
the reductions are given in Table 2. Interestingly, somewhat
better fits were obtained by lowering the rate constants for
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A,M reduction compared to reactions with A,M and PB alone.
The reason for this is presently not clear.

Preparative Protocols for Reduced A,M-ADH/PDHA
Conjugates. The results above provide the necessary
information to develop protocols for preparative work. The
most important is to maximize the conversion, but also to
minimize the formation of disubstituted ADH or PDHA, for
example, A,M-ADH-MA,,’ as they are not reactive toward a
second block. Assuming equal reactivity of both ends of ADH
or PDHA, the statistical fraction of disubstituted species (fps),
is given by the expression

https://dx.doi.org/10.1021/acs.biomac.0c00620
Biomacromolecules 2020, 21, 2884—2895
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where b is the molar fraction of substituted oligosaccharide
(from yield in Table 1), and a is the equivalence of a linker
(PDHA or ADH). Derivation of the equation and examples are
given in Supporting Information (S9). For example, 2 equiv
(40.2 mM) ADH and a b of 0.87 (from Table 1, at pH 4.0)
give 5% disubstituted ADH, which reduces to 0.2% with 10
equiv (201 mM). Hence, a large excess of ADH or PDHA is
recommended, even when 2 equiv give acceptable conjugation
yields. Although possibly interesting in other contexts,
disubstituted species prevent further attachment of a second
(different) block. The observation that the second attachment
may be faster than the first further emphasizes the need for a
high concentration of ADH or PDHA.

Because of the rapid reduction of unreacted A,M oligomers,
the reducing agent should be added after 4—6 h of conjugation.
As shown above, 3 equiv of PB and a reduction time of 24 h
(RT) is sufficient for quantitative reduction of A,M-ADH
conjugates. To overcome the slower reduction of oximes, 20
equiv of PB and a reaction time of 48 h is needed to give
complete reduction of A,M-PDHA conjugates (Supporting
Information, S9). Alternatively, 10 equiv of NaCNBH; and a
reaction time of 20 h is sufficient for quantitative reduction of
PDHA conjugates, whereas 3 equiv and less than 1 h gives
complete reduction of ADH conjugates. AJM-ADH and A;M-
PDHA conjugates were prepared by the above-mentioned
preparative protocols using PB as the reductant (Supporting
Information, $9). "H NMR spectra of purified (GFC) and fully
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reduced A;M-ADH and A;M-PDHA conjugates are given in
Figure 8. Annotations in the spectra are based on literature
data’ and the NMR characterization of purified and fully
reduced A,M-PDHA (Supporting Information, S10), where
one of the alternative forms of the M residue was structurally
elucidated (showed and annotated in Figure 8 as M’). In
contrast to the main M residue, M’ can appear in equilibrium
with the open ring, with two aldehydes at the reducing end.
However, conjugates corresponding to the open form were not
identified, and hence, it appears that the oligomers with the
alternative form of the M residue react with both ADH and
PDHA in the same way as oligomers with the main form (with
the possible exception of a bit slower kinetics discussed above).
The different forms cannot be separated during purification
and without further investigation, we assume that the
alternative forms cannot be distinguished when part of a
diblock polysaccharide.

Attaching a Second Block: A,M-b-MA, Diblock
Oligosaccharides. An efficient protocol to prepare A,M-
ADH/PDHA conjugates paves the way for attaching a second
oligosaccharide in order to prepare chitin-based diblock oligo-
or polysaccharides (A,M-b-X). We first investigated the
formation of A,M-ADH-MA, diblocks (Figure 9a). To study
this, reduced A,M-ADH conjugates were prepared and
subsequently reacted with an equimolar amount of AM
(conditions otherwise as above). The choice of equimolar
proportions is based on the general need to use minimum
amounts of oligosaccharide and also to simplify the following
purification step. The amination was studied by time-course
NMR as above, and rate constants are included in Table 1. The

https://dx.doi.org/10.1021/acs.biomac.0c00620
Biomacromolecules 2020, 21, 2884—2895
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Table 3. Kinetic Parameters Obtained from the Modeling of the Conjugation of A (Dext,,) to B (ADH, PDHA or A;M-ADH or

AsM-PDHA) Using Different Equivalents of B

A+B<E A+BoZ E & Pyr Z < Pyr
equilibrium yield

A B (2x) ki (h7) ko (b7 k, (h™") k() k0T ks () kG k(07 (%)
Dext; ADH 15X 107 1.0 x 10 1.5x 107 1.0 x 10* L1x 10> 1L1x10° LIX10> L1X10° 3s
Dext; PDHA 29%x 107 20x107°  40x 107 LSX107' 20X 10° 68x10° 27x10° 20X 10' 87
A B (1x)
Dext,  AsM-ADH 3.0%x 107 1.7 x 10 3.0x 107 1.7 x 10 L1x 10> L1x10° LIX10> L1X10° 15
Dext, AM-PDHA 11X 107 30x107% 15x107° 1L0OX107' 19X10° 45x10° 27x10° 15x 10 66

“Reactions were performed at pH 4.0, RT. E: E-hydrazone/oxime. Z: Z-hydrazone/oxime. Pyr: N-pyranoside.

total equilibrium yield of hydrazones was as high as 74% with
only one equivalent of the second block. To allow a more
direct comparison, we used the rate constants for the
conjugation of A,M and AM to free ADH (2 equiv) to
simulate the rate (t,5 and t,,) and yield for the reaction with
equimolar proportions of oligomers and amines (Supporting
Information, S11). Interestingly, the equilibrium yield was
lower, and the rate was lower than for the conjugation of A,M
to the A,M-ADH conjugate, indicating that the reactivity of
the free hydrazide group toward terminal M-residues is higher
for A,M-ADH than for free ADH (Supporting Information,
S11). After subsequent reduction with PB (3 equiv) the
relative yield of A,M-ADH-MA, diblocks was approximately
83% (obtained by integration of the GFC chromatogram,
Supporting Information, S11). Unreacted A,M oligomers were
completely reduced, hence, preventing the diblock formation
from going to completion. The general structure of the A, M-
ADH-MA, diblocks and 'H NMR spectrum of the reduced
and purified AyM-ADH-MA, diblock are given in Figure 9.

The diblock formation was further investigated in the special
case of 0.5 equiv of ADH or PDHA to A,M oligomers. These
conditions should at completion give only disubstituted ADH/
PDHA, that is, the diblocks A,M-ADH-MA, and A,M-PDHA-
MA,. Here, faster conjugation was observed, especially for
ADH, supporting the theory of different kinetics for the
attachment of the second block (Table 1 and Supporting
Information, S12). High equilibrium yields of hydrazones and
oximes were obtained (73% with ADH and 86% with PDHA).
Interesting, the yield of diblocks after reduction was not
increased above these values (Supporting Information, S12).
Hence, the yield of diblocks corroborates with the statistical
amount of disubstituted species expected for the systems (as
equimolar concentration of amine and oligomer was used).

Attaching a Second Block: A,M-b-Dextran Diblock
Oligosaccharides. The final step was to study the attachment
of a second block of a different kind, namely dextran, using
purified and reduced A;M-ADH and A;M-PDHA conjugates
to form chitin-b-dextran diblocks. Dextran oligomers (Dext,,)
of defined DP (m = DP) were obtained by partial hydrolysis of
dextran and fractionation of oligomers by gel filtration
chromatography (Supporting Information, S13). Reactions
were monitored by time course NMR, again using equimolar
amounts of the two blocks.

By this strategy the reactivity of the reducing end of Dext,,
governs the conjugation. Therefore, the kinetics of the
conjugation of Dext; to free ADH and PDHA (2 equiv) was
included for comparison (Supporting Information, S14).
Importantly, dextran forms N-pyranosides in addition to E-
and Z-oximes with PDHA, whereas it forms almost exclusively
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N-pyranosides with ADH.>** Kinetic constants are given in
Table 3.

It may first be noted that dextran oligomers, in agreement
with previous findings,” are much less reactive toward ADH
and PDHA compared to A,M oligomers (data for A,M in
Table 1). This is due to the pending aldehyde of the reducing
end of the latter being more reactive, as it does not participate
in an aldehyde/hemiacetal equilibrium. Second, the rate
constants for forming N-pyranosides (k; and k,) are 2 orders
of magnitude larger for ADH compared to PDHA. For ADH,
they are 5—6 orders of magnitude larger than k; and k,. Hence,
the first step (E- and Z-formation) is rate limiting, although E-
and Z-hydrazones are hardly detected during the reaction with
ADH.

The rate constants in Table 3 suggest that dextran oligomers
react faster with A,M-ADH and A,M-PDHA compared to free
ADH and PDHA. To allow a more direct comparison, we used
the rate constants for the conjugation of Dext; to free ADH (2
equiv) to simulate the rate (fy5 and t,) and yield for the
reaction with equimolar proportions of Dext; and amines
(Supporting Information, S1S5). As observed for the AM
oligomers, dextran reacted faster, and resulted in a higher yield,
with the A;M-ADH or -PDHA conjugates than with free ADH
or PDHA. Hence, the second attachment is indeed faster in
both cases.

Equilibrium yields obtained with equimolar amounts of
dextran and A;sM-ADH/PDHA were only 15% for ADH, but
66% for PDHA. However, improved yields can be expected
during reduction of the equilibrium mixture because of the
slow reduction of unreacted dextran. Since dextran-based
hydrazones and oximes are slowly reduced by PB at RT,’ the
reduction was performed using 20 equiv PB at increased
temperature (40 °C). Reaction products were fractionated by
GFC and analyzed by 'H NMR (Supporting Information,
S15).

By integration of the GFC chromatogram, the relative yield
of AM-PDHA-Dext, diblocks was 92% after 72 h, whereas for
A;M-ADH-Dext,, we obtained about 85% diblocks after 144 h
of reduction (Supporting Information, S15). The higher yield
and shorter reaction times for PDHA diblocks is partly
ascribed to the higher equilibrium yield prior to reduction.
Moreover, the almost complete formation of N-pyranosides
reduces the reduction rate of dextran-ADH conjugates
considerably.® It may also be noted that at 40 °C some
reduction of unreacted dextran occurred (Supporting In-
formation, S15), but the rate was low compared to reduction
of unreacted A,M. Hence, an increased yield of diblocks can be
obtained after addition of reductant in the dextran systems
compared to the A M systems. The general structures of
chitin-b-dextran diblocks prepared with ADH and PDHA and

https://dx.doi.org/10.1021/acs.biomac.0c00620
Biomacromolecules 2020, 21, 2884—2895
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Figure 10. (2) General structure of chitin-b-dextran diblocks prepared with ADH or PDHA. 'H NMR spectra of the reduced and purified (b) A;M-

PDHA-Dext, diblock and the (c) A;M-ADH-Dext, diblock.

'"H NMR spectra of reduced and purified A;M-b-Dextq
diblocks are given in Figure 10.

Based on the results of this study, two strategies for the
preparation of A M-b-dextran block polysaccharides can be
proposed. For the strategy where dextran is conjugated to the
free end of ADH or PDHA in A,M conjugates (discussed
above), the attachment of the second block is time-consuming
since dextran oligomers react more slowly with ADH/PDHA
compared to the highly reactive A,M oligomers. Moreover, the
reduction of dextran-based hydrazones and oximes also is slow.
However, in contrast to the A,M oligomers, unreacted dextran
oligomers are reduced at a low rate under the given conditions
and hence, a high yield of diblocks can be obtained (even
under equimolar proportions), even though this strategy
requires long reaction times for attachment of the second
block.

An alternative strategy is to reverse the protocol and prepare
ADH- or PDHA-activated dextran oligomers in the first step.
Due to the slow reduction of dextran oligomers, activation
using a large excess of ADH or PDHA can be performed as a
conventional one-pot reductive amination. The subsequent
conjugation of A, M oligomers to the free end of ADH or
PDHA takes advantage of the high reactivity of the terminal M
residue of the AM oligomers, and the attachment of the
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second block (both conjugation and reduction) is time-
efficient compared to opposite strategy. However, this strategy
is restricted by the rapid reduction of unreacted A,M
oligomers, which will limit the yield of diblocks (if reacted in
an equimolar ratio).

An excess of one of the blocks will in both strategies lead to
faster kinetics and a higher yield of diblocks. However, an
excess of the second block will render some or all the
unreacted oligomers inactive after reduction (most relevant for
an excess of A\M oligomers, but also relevant for dextran
oligomers, as shown above). An excess of the activated
oligomer conjugate will in contrast be beneficial in both
strategies as activated oligomers can be recycled. Both the
above-mentioned strategies require purification after diblock
formation, and in this study, GFC was proven useful. However,
purification by block-specific solvents is clearly a possibility
deserving future attention. Hence, which strategy is better
therefore depends on factors such as which oligomer or
conjugate can be used in excess (“value” of reactants) and the
available purification steps. It may also be noted that improved
equilibrium yields can be obtained by increasing the absolute
concentrations of reactants. However, higher concentrations
are not compatible with very long chains due to solubility and
viscosity issues, and in any case, the reductant (PB) will

https://dx.doi.org/10.1021/acs.biomac.0c00620
Biomacromolecules 2020, 21, 2884—2895
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certainly be insoluble at very high concentrations. Heteroge-
neous systems may be worth exploring further, but this is
outside the scope of the present work.

The strategies described above should also be relevant for
chitosan oligomers prepared by nitrous acid degradation (D,M
type). However, self-branching is an issue for such oligomers."®
Hence, the strategy where an excess of activated conjugates is
used will be advantageous for such oligomers.

B CONCLUSIONS

In this work we have first studied in detail the activation of
chitin oligosaccharides with the highly reactive 2,5-anhydro-p-
mannose at the reducing end (A,M) by ADH and PDHA as a
basis for the preparation of chitin-based diblock polysacchar-
ides. Kinetic constants for both the formation and dissociation
of oximes and hydrazones, as well as for their irreversible
reduction to the corresponding secondary amines using PB
were determined. Rate constants were essentially independent
of the chain length and could be used to model the reactions
for a wide range of concentrations of reagents. The high
susceptibility to reduction of M residues (by both PB and
NaCNBHj;) was circumvented by a two-step procedure thanks
to the excellent equilibrium yields prior to reduction. The free
ends of ADH or PDHA activated oligomers had higher
reactivities compared to free ADH or PDHA. Hence,
attachment of a second block to form diblocks was therefore
feasible and could easily be modeled kinetically. Examples
include A,M-b-MA, and A ,M-b-dextran. For the latter, a
“reverse” strategy of reacting A,M with ADH- or PDHA-
activated dextran is also a viable alternative thanks to the high
reactivity of the terminal M residue.

Regarding potential applications, water-soluble chitin
oligomers activated with PDHA or ADH would be ideally
suited for conjugation with biomolecules in aqueous solvents.
Strong phase separation of copolymers containing chitin blocks
is also expected in solution or in the bulk due to the very high
solubility parameter of chitin.>*** A wide range of self-
assembled structures could then potentially be obtained from
chitin-based block copolymers. Chitin, including chitin
oligomers, is also known to play important roles in activating
immune responses against fungal pathogens in both
mammals® and in plants®® and are used in the agricultural
industry as plant growth stimulators.>” Terminally conjugated
chitin-based block polymers or block polysaccharides hence
offer a wide range of new and possibly bioactive materials.
These may, on one hand, take advantage of the uninterrupted
chitin sequences needed for interacting with chitin receptors
and, on the other hand, have additional bioactivities due to the
second chain.
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S1 Preparation and characterization of AnM oligomers

Chitin oligomers of the type A.M, where A, represent uninterrupted sequences of N-acetyl D-
glucosamine (A) residues with a 2,5-anhydro-D-mannose (M) residue at the reducing end, were
prepared by nitrous acid (HONO) depolymerisation of chitosan (Fa = 0.48), using an excess HONO
(1.3 equivalents) to the fraction of D-glucosamine (D) residues * 2. The excess of HONO converts all
the D residues into M residues, whereas A residues are unaffected, providing solely A,M oligomers.
The water-soluble oligomers (DP < 10) were fractionated by preparative gel filtration chromatography
(GFC) to obtain purified low molecular weight A,M oligomers of specific DPs (Figure Sl1a). The
chitosan with Fa = 0.48 provided mainly trimers (A.M) and dimers (AM) (Figure S1). Separation of
the oligomer mixture by analytical GFC (Figure S1b) showed shoulder peaks for all the oligomer
fractions in the chromatogram. Without further investigation, shoulder peaks were suggested to be

caused by the alternative forms of M (discussed below).

a) w/ b) w
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Figure S1: a) preparative and b) analytical GFC fractionation of the mixture of water-soluble A,M
(n = 1-8) oligomers obtained by nitrous acid degradation of chitosan (Fa= 0.48) using an excess
(1.3x) of nitrous acid.

Oligomers were purified (by dialysis), freeze-dried and characterized by *H-NMR (Figure S2). The
1H-NMR spectra were annotated according to literature 23, The doublet at approximately 4.9 ppm was
assigned to the gem-diol (hydrated aldehyde) of the reducing end M residue. Additional doublets in
the anomeric region (4.95-5.1 ppm) were assigned to alternative forms of the as M residue suggested
in the literature by Lindberg et al * marked as M in all figures. Purified A,M oligomers were slightly
polydisperse due to the incomplete baseline separation by the preparative GFC (Figure S1a). The
polydispersity of the oligomers was confirmed by the *H-NMR characterization of AsM and A:M in
Figure S2a and S2b, respectively, where the integral of H1, A was higher than expected relative to the
sum of the integrals of HI, M and H1, M’ (expected ratio 4:1 and 2:1 for AsM and A:M,

respectively).
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Figure S2: *H-NMR characterization of fractionated and purified a) AsM and b) A,M in D,O
including annotations and integrals (600 MHz). M' refers to alternative (minor) forms of M (see
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S2 Conjugation of AnM oligomers to ADH and PDHA studied by time course NMR

Conjugation of A;M oligomers to ADH and PDHA was monitored by time course NMR as described
earlier °. In brief, conjugation reactions were performed in deuterated NaAc-buffer (with TSP added
as internal standard) at pH 3.0, 4.0 or 5.0 using 2 equivalents of ADH or PDHA relative to the
concentration of oligomers (20.1 mM). *H-NMR spectra were recorded at specific time points (Figure
S3 and S4) and yields of conjugates were determined by integration of the obtained spectra. Minor
resonances close to the major resonances from the hydrazones/oximes (H1, M E or Z) were attributed
to the conjugation of oligomers with alternative forms of the M residue (H1, M’ E or Z) (assigned in
Figure S3 and S4). Both the major and minor resonances from the E and Z hydrazones or oximes were
integrated to obtain the yield of conjugates. Due to overlapping resonances (e.g. H2, M Z overlapping
with H1, M (gem-diol) in Figure S4), yields could not be calculated from the sum of integrals from
the H1 reducing end proton resonances in each individual spectrum. Due to the slight polydispersity

of the oligomers, the yields could not be calculated from the integrals of the resonances resulting from



the oligomers. Therefore, the integral of the resonance from the internal standard (TSP, 0 ppm) was
used as reference to calculate yields. As the conjugates were reduced in a subsequent step (see below)
the integral value of the TSP resonance was related to the integrals of the resonances from the
completely reduced conjugates (for each individual reaction mixture). The TSP integral value was set
to this specific value in all the spectra obtained during the time course NMR study for the conjugation
and reduction to calculate the yields of conjugates and subsequently reduced secondary amine
conjugates during the reactions. The yields were calculated based on the assumption of 100 % yield of
reduced secondary amine conjugates. Integrals of overlapping resonances were calculated by

subtraction.
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Figure S3: 'H-NMR spectra obtained at defined time points for the conjugation reaction with A,M
(20.1 mM) and 2 equivalents ADH at pH 4.0, RT.
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Figure S4: 'H-NMR spectra obtained at defined time points for the conjugation reaction with A,M
(20.1 mM) and 2 equivalents PDHA at pH 4.0, RT.

S3 Kinetic modelling of the reductive amination reaction

The reductive amination of oligosaccharides with different amines (e.g. oxyamines (PDHA) or
hydrazides (ADH)) is comprised of several individual reactions with independent rates and rate
constants. The overall reaction involves the conjugation (amination) of the oligosaccharide, where E-
and Z- oximes or hydrazones (Schiff bases) are formed for oxyamines or hydrazides, respectively. For
oligosaccharides where the reducing end aldehyde is in equilibrium with a hemiacetal (normal
reducing end), the acyclic Schiff bases are in equilibrium with cyclic N-glycosides (e.g. N-
pyranosides). By adding a reducing agent, the Schiff bases will be irreversibly reduced forming
secondary amine conjugates. Irreversible reduction of oligosaccharides by the reducing agent will
prevent the reductive amination reaction from going to completion. The general reaction scheme is
shown in Figure S5.
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Figure S5: General reaction scheme for the reductive amination of oligosaccharides with normal
reducing ends including assigned rate constants for each independent reaction involved. Reversible
reactions are described by two rate constants (forward and reverse), whereas irreversible reactions
are described by one rate constant (the scheme indicates the assumption that reduction of E and Z

had the same rate constant (Ks)).

When considering the reactions to be first order with respect to each reactant, reaction rates can be

determined by the following equations
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The concentration of each reactant or product at specific time points, [X];, can be obtained from the

reaction rates by the following equation

d[X]
(X1e = [X]eone + WAt



where, t is the time, and At is the time difference from last modelled time point. The numeric
modelling was carried out using Excel, generally substituting differentials of the type d[X]/dt with
A[X]/At. From starting concentrations [A]e, [B]o etc, the concentrations at successive time increments
ti.1 = ti + At were inductively calculated as [X]i+1 = [X]i + (A[X]/At)At. The time interval (At) was
chosen sufficiently small to result in a simulation which did not further change when choosing an
even smaller time interval. All reactions were modelled using this approach, and the model was fitted

to the experimental data by adjusting the rate constants to give the minimum sum of squares.

In the special case of reductive amination with chitin or chitosan oligosaccharides prepared by nitrous
acid degradation, only Schiff bases (oximes/hydrazones) can be formed. Hence, the general reaction

scheme for these reactions is simplified as showed in Figure S6.

R Iks A: Oligosaccharide
B: Oxyamine/hydrazone
/ \ R: Reductant
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S: Secondary amine
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Figure S6: General reaction scheme for the reductive amination of oligosaccharides with M residue
at the reducing end including assigned rate constants for each independent reaction involved.

S4 Modelling of AnM conjugation reactions

Conjugation reactions (no reducing agent present) with A,M oligomers were studied by time course
NMR (S2). The experimental data obtained for the conjugation reactions were fitted using the model
described in S3 (based on the reaction scheme presented in Figure S6). Examples of the data fitting
for the conjugation of A2M oligomers to ADH and PDHA (2 equivalents) at pH 4.0 are given in
Figure S7.



b
-
@

B * Data [AnM]
~~~~~~ [AnM] model
10 4§ o Data[E]
[E] model

+ Data [AnM]
+vsees [ANM] model
+ Data[g]
——[€) model
4 o Datafz]

s Data(z]
_ |
H [Zlmodel : 2] model

10 |

Concentration (mM)

Concentration (mM)

0 5 10 15 20 25 30

N 0 5 10 15 20 25 30
Time (h)

Time (h)

Figure S7: Model fitting of experimental data obtained at pH 4.0, RT for the reactions with A,M
and 2 equivalents of a) ADH or b) PDHA.

S5 Spontaneous decomposition of reducing agents

The decomposition of a-picoline borane (PB) and sodium cyanoborohydride (NaCNBH3) in 500 mM
deuterated NaAc-buffer, pH 4.0, was monitored by NMR. The two reducing agents have distinct
resonances in the *H-NMR spectrum and hence, their decomposition was studied. In contrast to
NaCNBHjs, which is completely dissolved in the buffer, PB has low initial solubility, but dissolves

slowly over time (observed by increased intensity of the resonances over time).

The protons of the pyridine ring in PB give resonances with chemical shifts in the range 7.2 to 8.7
ppm, whereas the protons of the methyl group give one resonance with a chemical shift of
approximately 2.6 ppm (Figure S8). The protons of the -BH3 group are not visible in the *H-NMR
spectrum due to negative chemical shifts. When PB is oxidised (0), the proton resonances are moved
slightly downfield as seen in Figure S8. The relative reductive power (%) for PB over time was
calculated by relating the intensity of the protons resulting from the reduced form of PB (r) to the total
amount of dissolved PB (r+o) (Figure S8).

In contrast to PB, the proton resonances of the -BH3 group in NaCNBHj5 are within the NMR scale (0
— 8 ppm). NaCNBHz lacks other protons and hence, it was not possible to study the oxidation of this
reducing agent. Therefore, the decomposition was related to the reduced intensity of the resonances
from the protons in the -BHz group relative to an impurity in the buffer (Figure S9). As the first
spectrum was obtained after one hour, the intensity of the resonances at t = 0 was obtained by
extrapolation. The relative reductive power (%) for NaCNBH; was related to the decomposition of the

reducing agent. By comparing the change in relative reductive power (%) for the two reducing agents



over time (Figure S10), NaCNBH3;was shown to decompose approximately 20 times faster than PB in
the buffer.
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Figure S8: Spontaneous decomposition of PB in deuterated acetate buffer (500 mM, pH 4.0, RT)
monitored by time course NMR.
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Figure S9: Spontaneous decomposition of NaCNBHz in deuterated NaAc-buffer (500 mM, pH 4.0,
RT) monitored by time course NMR.
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Figure S10: Change in relative reductive power (%) of PB and NaCNBHjs over time in deuterated
NaAc-buffer (500 mM, pH 4.0, RT).

S6 Reduction of AnM oligomers

Reduction of A;M oligomers was performed by adding 3 equivalents reducing agent (PB or
NaCNBHs) to oligomers dissolved in deuterated NaAc-buffer. The course of the reduction was
studied by monitoring the disappearance of reducing end gem-diol resonances (H1, M and H1, M”).
Resonance intensities were related to the internal standard (TSP). Reduction of AsM oligomers by PB
was studied at pH 3.0, 4.0 or 5.0 (Figure S11-S13) or by NaCNBHsat pH 4.0 (Figure S14).

For comparison, reduction of AA oligomers (normal reducing end) was studied using 3 equivalents
PB (Figure S15) or NaCNBHj3 (Figure S16) at pH 4.0. In contrast to the AsM oligomers, no detectable
reduction in the intensity of the reducing end resonances for AA was observed. However, the relative
ratio of the a- to B- reducing end resonances gradually changed (Figure S15). For this experiment AA
was dissolved in the buffer shortly before PB was added and the first spectrum was obtained.
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Figure S11: 'H-NMR spectra obtained at defined time points for the reduction of A,M oligomers
(20.1 mM) in deuterated acetate buffer, pH 3.0, RT using 3 equivalents PB (60.3 mM).
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Figure S12: 'H-NMR spectra obtained at defined time points for the reduction of A;M oligomers
(20.1 mM) in deuterated acetate buffer, pH 4.0, RT using 3 equivalents PB (60.3 mM).
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Figure S13: 'H-NMR spectra obtained at defined time points for the reduction of A.M oligomers
(20.1 mM) in deuterated acetate buffer, pH 5.0, RT using 3 equivalents PB (60.3 mM).
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Figure S14: 'H-NMR spectra obtained at defined time points for the reduction of AsM oligomers
(20.1 mM) in deuterated acetate buffer, pH 4.0, RT using 3 equivalents NaCNBH3 (60.3 mM).
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Figure S15: 'H-NMR spectra obtained at defined time points for the reduction of AA oligomers
(20.1 mM) in deuterated acetate buffer, pH 4.0, RT using 3 equivalents PB (60.3 mM).
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Figure S16: 'H-NMR spectra obtained at defined time points for the reduction of AA oligomers
(20.1 mM) in deuterated acetate buffer, pH 4.0, RT using 3 equivalents NaCNBH; (60.3 mM).
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S7 Reduction of AnM conjugates

Reduction of A;M conjugates was studied by adding 3 equivalents reducing agent (PB or NaCNBH3)
to the equilibrium mixtures of conjugates (pH 3.0, 4.0 or 5.0). The course of the reduction was studied
by monitoring the disappearance of hydrazone or oxime proton resonances and the appearance
methylene proton resonances from the reduced secondary amine conjugates (at approximately 3 ppm)
over time. Due to the overlap of the methylene proton resonances from the different forms of the M
residue after reduction, the total resonance area (2.9 — 3.35 ppm) was integrated to give the yield of
reduced conjugates. *H-NMR spectra obtained at different time points for the reduction of A,M-ADH
and A;M-PDHA conjugates by 3 equivalents PB at pH 4.0 are given in Figure S17 and S18,
respectively. The kinetics of the reduction is given in Figure S19 a and b, respectively. For the
reduction of A,M-PDHA conjugates, E-oxime resonances (H1, M E) overlapped with one of the
resonances from the reduced form of PB (Figure S18). Hence, this integral was obtained by
subtraction.

H1,A
H2/H5/H6, M

H4, M—+—
H3, M

N o

'I H1,M
H

-
7.7h Lk Lﬂj
‘:}J - ot lw

T T ‘\‘\ T T T T T
8.0 7.5 5.0 4.5 4.0 3.5 3.0 ppm

Figure S17: *H-NMR spectra obtained at defined time points for the reduction of A,M-ADH
conjugates (prepared using 2 equivalents ADH) by 3 equivalents (60.3 mM) PB at pH 4.0, RT.
Resonances from the unreduced conjugate and unreacted oligomer are annotated in the first two
spectra, whereas resonances from the reduced secondary amine conjugate are annotated in the last
obtained spectrum (16.5 h).
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Figure S18: *H-NMR spectra obtained at defined time points for the reduction of A,M-PDHA
conjugates (prepared using 2 equivalents PDHA) by 3 equivalents (60.3 mM) PB at pH 4.0, RT.
Resonances from the unreduced conjugate and unreacted oligomer are annotated in the first two
spectra, whereas resonances from the reduced secondary amine conjugate are annotated in the last
obtained spectrum (178 h).
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Figure S19: Kinetics of the reaction obtained from the spectra in Figure S17 and S18 for the
reduction of a) A,M-ADH (hydrazone) conjugates and b) A,M-PDHA (oxime) conjugates by 3
equivalents PB at pH 4.0, RT, respectively.
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S8 Modelling of AnM reduction reactions

Using the rate constants and equilibrium yields obtained for the conjugation of A,M to 2 equivalents
ADH or PDHA, the experimental data obtained for the reduction of conjugates (studied by time
course NMR, S7) were fitted using the model described in S3 (based on the reaction scheme presented
in Figure S6). Examples for the data fitting for the reduction A,M-ADH or A;M-PDHA conjugates
using 3 equivalents PB at pH 4.0 (RT) are given in Figure S20 a and b, respectively. The addition of
reducing agent to the equilibrium mixture of conjugates was set as t = 0. Due to overlapping
resonances and low resolution in the NMR spectra, the yield of unreacted oligomers ([A.M] in the
model) was not monitored. However, the model also predicts the consumption of unreacted oligomers
based on the yield of conjugates and the rate of reduction (Figure S20).

a) b)

A 20

-
«

@ Data [Sec. amine] ® Data [Sec. amine]

——[Sec. amine] model —— [Sec. amine] model
¢ Data [E]

~——[E] model
¢ Data(Z] ¢ Data[z]

—— (2] model ——[2] model

------ [AnM] model ++++++[AnM] model

* Data [E]
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Concentration (mM)
Concentration (mM)
=
1)

Time (h) Time (h)

Figure S20: Model fitted to the experimental data obtained for reduction of A,M-ADH (a) and
A;M-PDHA (b) conjugates using 3 equivalents PB at pH 4.0, RT.

S9 Optimisation of preparative protocols

Statistical distribution of mono-, di- and unsubstituted ADH and PDHA

The relative amount of unsubstituted, monosubstituted and disubstituted ADH and PDHA can be
calculated assuming the reactivities of the two termini are identical. Such estimates are primarily
intended to determine how much ADH or PDHA should be used for mono-substitution (activation)
without producing too much disubstituted species.

Definitions and main relations:

[AaM]o: Initial molar concentration of oligosaccharide
[L]o: Initial molar concentration of ADH or PDHA
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[-NH]o: Initial molar concentration of terminal amine

Let a be defined as the equivalence of linker (ADH or PDHA) relative to oligosaccharide before
reaction. Hence:
[L]o = alAM],

Since we treat each terminal amine as a separate and independent reactant we may further write:

[-NH,], = 2[L], = 2a[A,M],

Let b be defined as the fraction of oligosaccharide that has become substituted. b is obtained directly
from the equilibrium yields listed in Table 1. Hence, b[AsM]o becomes the molar concentration of
substituted oligosaccharide, which must necessarily equal the molar concentration of substituted

amine. The fraction of substituted amines (p) thus becomes:

_b [AnM]O _b [AnM]O _ i
P=P vy, ~ 7 2L, 2a

Hence, p is a simple function of the fraction of substituted oligosaccharide (b) and the molar
equivalence of linker (a). For statistical distributions fractions and probabilities are interchangeable.

Hence:

The probability that both ends are substituted, fraction of disubstituted species (fos) = p?
The probability that none of the ends are substituted, fraction of unsubstituted species (fus) = (1 — p)?

The probability that one end is substituted, fraction of monosubstituted species (fus) = 1 —p?— (1 -
p)* = 2p —2p* = 2p(1-p)

b is obtained directly from the equilibrium yields given in Table 1. As an example, the reaction
between A;M and 2 equivalents of ADH (a = 2) at pH 4.0 is considered. The equilibrium yield of
substituted oligosaccharides obtained by NMR was 87 % and hence, b = 0.87. Then p becomes:

_087_
p=—73 =0
and fos is (0.22)? = 0.0484 = 5 %. When 10 equivalents of ADH is used (i.e. a = 10) and we assume b
=0.87, fosis reduced to 0.002 = 0.2 %. Examples of the statistical distribution of mono-, di- and
unsubstituted species with different equivalents of linker (a) and fractions of substituted oligomer (b)

are given in Figure S21-S23.
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a Equivalents linker
Fraction substituted oligomer

Fraction of disubstituted species (Fgg)
Fraction of monosubstituted species (Fys)
Fraction of unsubstituted species (Fs)
Ratio mono-/disubstituted species

1,00

0,5
0,70
0,700

0,490
0,420
0,090

0,86

0,70
0,350

0,123
0,455
0,423

3,71

0,70
0,175

0,031
0,289
0,681

9,43

0,90
0,80
0,70
0,60
0,50
0,40
0,30
0,20
0,10

Molar fracction

0,00

100

5 10
0,70 0,70
0,070 0,035
0,005 0,001
0,130 0,068
0,865 0,931
26,57 55,14

—8— Fraction of
disubstituted
species (FDS)

—#— Fraction of
monosubstituted
species (FMS)

Figure S21: Statistical distribution of mono-, di- and unsubstituted species with different

equivalents of linker (a) and b = 0.70.

a Equivalents linker
b Fraction substituted oligomer

P

Fraction of disubstituted species (Fps)
Fraction of monosubstituted species {Fyys)
Fraction of unsubstituted species (Fys)
Ratio mono-/disubstituted species

1,00

0,5
0,87
0,870

0,757
0,226
0,017

0,30

1
0,87
0,435

0,189
0,492
0,219

2,60

0,87
0,218

0,047
0,340
0,612

7,20

0,90
0,80
0,70
0,60
0,50
0,40
0,30
0,20
0,10

Molar fracction

0,00
0,1

100

5 10
0,87 0,87
0,087 0,044
0,008 0,002
0,159 0,083
0,834 0,915
20,99 43,98

—&— Fraction of
disubstituted
species (FDS)

—=— Fraction of
monosubstituted
species (FMS)

Figure S22: Statistical distribution of mono-, di- and unsubstituted species with different

equivalents of linker (a) and b = 0.87.
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a Equivalents linker 0,5 1 2 5 10 50

Fraction substituted oligomer 0,99 0,99 0,99 0,99 0,99 0,99
0,990 0,495 0,248 0,099 0,050 0,010
Fraction of disubstituted species (Fps) 0,980 0,245 0,061 0,010 0,002 0,000
Fraction of monosubstituted species (Fs) 0,020 0,500 0,372 0,178 0,094 0,020
Fraction of unsubstituted species (Fys) 0,000 0,255 0,566 0,812 0,903 0,980
Ratio mono-/disubstituted species 0,02 2,04 6,08 18,20 38,40 200,02
1,00
0,90
0,80
e 0.70 —#— Fraction of
% 0,60 disubstituted
® species [FDS)
£ os0
LE 0,40 Fraction of
Z p30 monosubstituted
’ species (FMS)
0,20
0,10 —
0,00 —
0,1 1 10 100

Figure S23: Statistical distribution of mono-, di- and unsubstituted species with different

equivalents of linker (a) and b = 0.99.

Minimisation of disubstituted ADH or PDHA

As shown above the statistical amount of disubstituted ADH or PDHA is significant (5-6 %) when 2
equivalents are used, especially for high reaction yields, but decreases below 1% for 10 equivalents.
This was qualitatively verified by GFC fractionation of A,M-PDHA conjugates prepared with 2 or 10
equivalents of PDHA, respectively (Figure S24). A significant decrease in disubstituted species was
observed when 10 equivalents were used. Hence, a large excess (> 10 equivalents) is necessary to

minimise the amount of disubstituted species.

A;M-PDHA

AM-PDHA-MA,
AM-PDHA(10x)

A;M-PDHA-MA,

A,M-PDHA(10x)

A,M-PDHA(2x)

r T T T T T T 1

600 650 700 750 800 850 900 950
Time (min)

Figure S24: GFC fractionation of the reaction mixtures obtained for the conjugation of A,M
oligomers to 2 or 10 equivalents (2x or 10x, respectively) PDHA under otherwise standard
conditions (20.1 mM oligomer, pH 4.0, RT).
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Optimisation of reduction conditions for PDHA conjugates

The reduction of PDHA conjugates was optimised by varying the concentration of reducing agent
(PB). However, due to the low solubility of PB in the buffer, reduction of AsM-PDHA conjugates
(equilibrium mixture with 10 equivalents PDHA) using 20 equivalents PB was performed in
deuterated buffer in a separate vial (not in the NMR tube). The reaction was performed on a shaking
device to increase the collision frequency of undissolved reducing agent and conjugates. NMR spectra
of the dissolved phase of the reaction mixture was obtained after 24 and 48 hours revealing complete

reduction after 48 hours.

Preparation of AnM conjugates using optimised protocols

Reduced A:M conjugates (AnM-ADH and A,M-PDHA) were prepared using optimised protocols. In
brief, conjugation was carried out for 6 hours at RT using 10 equivalents ADH and PDHA at pH 4.0.
For ADH conjugates, reduction was performed for 24 hours at RT by adding 3 equivalents PB to the
equilibrium mixture, whereas for the PDHA conjugates, 20 equivalents PB were added to the
equilibrium mixture and the reduction was performed for 48 hours at RT to ensure complete
reduction. Reaction mixtures were fractionated by GFC and purified conjugates were characterized by
'H-NMR. Fractionation of reduced AsM-ADH and AsM-PDHA conjugates is shown in Figure S25.
Fractionation of the A;M oligomer mixture is included in the figure for comparison. Small amounts of
disubstituted ADH/PDHA were formed in both reactions. The relative amount of disubstituted species
seemed higher than obtained for the optimised protocol using A,M oligomers (Figure S24), which
may be a result of higher reactivity of oligomers with higher DP and the higher fraction of substituted
amine (equilibrium yield of conjugates). In addition, conjugates with shorter and longer A\M
oligomers were present in the reaction mixture reflecting a slight polydispersity of the starting
oligomer (AsM), due to the lower resolution of the preparative GFC system. However, pure AsM-
ADH/PDHA conjugates were obtained after fractionation, verified by the *H-NMR characterization of
AsM-ADH and AsM-PDHA given in Figure S26 and S27, respectively.
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Figure S25: GFC fractionation of the reaction mixtures obtained for the preparation of AsM-ADH
and AsM-PDHA conjugates using optimised conditions. Fractionation of the mixture of A,M
oligomers is included for comparison.
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Figure S26: 'H-NMR spectrum of the purified AsM-ADH conjugate (D>0, 300K, 600 MHz)
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Figure S27: *H-NMR spectrum of the purified AsM-PDHconjugate (D>0O, 300K, 600 MHz)
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S10 2D NMR characterization of the reduced and purified A2M-PDHA

The reduced and purified A,M-PDHA conjugate was characterized by homo- and heteronuclear NMR
correlation experiments. The conjugate was dissolved in D,O and the NMR analysis was carried out
using the 800 MHz spectrometer in a 3 mm NMR tube. Resonances were assigned by starting at the
anomeric proton signal and then following the proton-proton connectivity using TOCSY, DQF-
COSY/IP-COSY, C H2BC and *C HSQC-[*H,'H] TOCSY spectra. **C-HSQC was used for
assigning the carbon chemical shifts. The 3C HMBC spectrum provided information of connections
between the sugars. One of the alternative forms of the M residue was structurally elucidated to be
3,5-anhydro-D-mannose. The following designations are used in the spectra displayed in Figure S28
and S29 and Table S1: Al (N-acetylglucosamine (A) residue at the non-reducing end), A2 (middle N-
acetylglucosamine (A) residue), M1 (2,5-anhydro-D-mannose (M) residue), M2 (3,5-anhydro-D-
mannose (M) residue), -Ac (N-acetyl groups of A residues) a, b and ¢ (unique identified methylene
groups of PDHA). H/C# refers to the proton-carbon pairs with the ring carbon number for the
monosaccharides. TSP was used for chemical shift reference. Chemical shifts are reported in Table
S1. The structure of the A2M-PDHA conjugate is included in Figure S29.
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Figure S28: 'H-NMR spectrum of the reduced and purified A,M-PDHA conjugate recorded at 298
K. Designations as described above.

23



ppm _HIC-1M2. i ppm
Ac-A1 B
Ac:A2 | HIC-2A2 . B
- 3 HICZIM1
26 ;;{
H'C'Zﬂf 6A2 - 60
28 __
I N 2
HIC A1 “\ - 65
| HIC-6M1
b 30
T T T — 70
21 2.0 19 ppm H/C-4A1
a8~ H/IC:3A2 ==
HIC,3A1
C- —
= at HIC-5A2 75
HIC-3M2 = HIC-5A1
HCaMY, -
. - HIC-4A2 - 80
H/C-2M1 7
- ¢ HIC-5M1
S, - — 85
~ “ CH,0H
‘:&4M1 by A OH
H,C | 90
~0 M2
CH,0H —
08 95
NHAc CHOH He b -
HO 0 H,C O\a/\c/O\
HO J HO o] \HN/ NH; —100
H]C-\‘1A1 H/C-1A2 CHzOH NHAc
S."/ A1 A2 M1 PDHA
— 105

1 - 1 - 1 -~ 1 - T -~ T - 1T - 1
4.6 4.4 4.2 4.0 3.8 3.6 3.4 3.2 3.0 2.8 ppm
Figure S29: 3C HSQC spectrum of the reduced and purified A,M-PDHA conjugate recorded at
298 K. Designations as described above.

Table S1: Chemical shift assignment for the reduced and purified A,M-PDHA conjugate at 298 K.
The chemical shifts are related to TSP. Designations as described above.

Structural Assignment
unit

H-1; C-1 H-2; C-2 H-3; C-3 H-4; C-4  H-5;C-5 H-6; C-6 Ac-H; C
Al 4.60,104.2 3.75;57.5 3.59;76.2 3.49;72.4 3.51;78.6 3.93,3.77,63.2 2.09; 24.8
A2 4.56; 103.4 3.77,58.2 3.74,74.9 3.98;84.7  3.56,77.2 3.88,3.69;62.9 2.05; 24.8
M1 3.14,3.02;54.8  4.11;83.1 4.20;80.5 4.12;88.3 3.98;84.7 3.73,3.69;64.0 -
M2 3.25,3.07;52.2  4.16;80.9 4.36;78.4 3.62;82.3 nd nd -

a b c

PDHA 3.82;72.9 1.88;29.6 3.81,75.6 - - - -

n.d: Not determined.
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S11 Preparation of chitin-b-chitin diblocks from activated chitin oligomers (A«M-ADH)

Chitin-b-chitin diblocks were prepared by reacting AsM-ADH conjugates (reduced and purified) with
AsM oligomers in an equimolar molar ratio. The conjugation of the second block (AsM) was
monitored by NMR (as described in S2). The kinetics was compared to simulated values for the
corresponding reaction using rate constants obtained for the conjugation of A,M and AsM to free
ADH. The results are summarised in Table S2 and kinetic plots are given in Figure S30. The

comparison suggests the second conjugation proceeds somewhat faster than the first.

Table S2: Kinetic parameters obtained from the modelling of the reaction of AsM with an equimolar
proportion of AsM-ADH. Simulated parameters for the corresponding reactions with equimolar proportions of
oligomers and amines (0.5 equivalents ADH) using rate constants obtained for the conjugation of A;M and
AsM to free ADH are given in italics.

Equivalents A+B o E A+B - Z ABoE+Z | Equilibrium
tos to.o yield
A B B pH ki[h™] ki[h?]  ka[h] k2[h?] [h] [h] [%]
AsM AsM-
1 4.0 7.3x102 1.5x10% 1.1x10? 1.5x10% | 0.35 1.57 74
ADH
A2M ADH 0.5 4.0 1.8x102 2.0x101  2.5x10° 2.0x10t | 0.91 3.34 51
AsM ADH 0.5 4.0 3.0x10%  3.5x10% 4.0x10°  3.5x107 | 0.54 1.96 50
80% -
70% 4 A °

60%

50% A

Yield

40% -
® A4M + ADH-MA4 (1:1) data

30%
----- A4M + ADH-MA4 (1:1) model

20% i )
s e AS5M + ADH (1:0.5) simulated model

10% -
e A2M + ADH (1:0.5) simulated model

0% T T |
0 10 20 30
Time (hours)

Figure S30: Kinetics of the reaction of A4sM with an equimolar proportion of AsM-ADH.
Simulated data for the corresponding reactions of A;M and AsM with free ADH and PDHA (0.5
equivalents, equimolar proportions of oligomers and amines) is included for comparison.

Reduction of the obtained equilibrium mixture was performed using 3 equivalents PB for 24 hours

(RT). The reaction mixture was fractionated by GFC (Figure S31) and main products were purified.
'H-NMR characterization of the main fraction (Figure S32) confirmed formation of the completely

reduced AsM-ADH-MA,, diblock. Due to slight polydispersity of the AsM oligomer (containing
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oligomers of lower and higher DP), some longer and shorter diblocks were consequently formed. *H-
NMR characterization of the fraction holding unreacted AsM oligomers and AsM-ADH conjugates
(Figure S33) revealed complete reduction of the unreacted oligomers (no H1, M reducing end
resonances). Hence, the fast reduction of oligomers prevented the diblock formation from going to
completion. By integration of the chromatogram (Figure S31), the chitin-b-chitin diblock (AsM-ADH-
MA) area was found to accounted for 70 % of the total area, whereas unreacted conjugates (AsM-
ADH) and unreacted oligomers (AxM) accounted for the resisting 30 % of the area. By assuming an

equimolar ratio of oligomers and conjugates, the weight yield of diblocks in the reaction was 82.5 %.

AM

A,M-ADH-MA,

A;M-ADH AM
(reduced)

440 540 640 740 840 940
Time (min)
Diblock area Conjugate/oligomer area
Time (min) 440-685 685-822
Area 17.9 7.6
Area (%) 70.2 29.8

Figure S31: GFC fractionation of the reaction mixture obtained for the preparation of chitin
diblocks by reacting AsM-ADH with AsM oligomers in an equimolar ratio. Fractionation of the
mixture of AsM oligomers is included for comparison.
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Figure S32: *H-NMR spectrum of the purified AsM-PDHA-MA, diblock fraction (D0, 300K, 600
MHz) from the chromatogram in Figure S31.
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Figure S33: 'H-NMR spectrum of the A;M-PDHA/AsM (reduced) fraction (D0, 300K, 600 MHz)
from the chromatogram in Figure S31.
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S12 Preparation of chitin-b-chitin diblocks using a sub-stoichiometric amount of ADH
or PDHA

Chitin-b-chitin diblocks were prepared using AM oligomers and a sub-stoichiometric amount of
ADH or PDHA (0.5 equivalents). The conjugation of oligomers was monitored by NMR. The kinetics
was compared to simulated values using rate constants obtained for the conjugation of A;M to free
ADH or PDHA (2 equivalents). The results are summarised in Table S3 and the kinetic plots are
given in Figure S34.

Table S3: Kinetic parameters obtained from the modelling of the reaction of A,M with 0.5 equivalents of
ADH or PDHA (equimolar proportions of oligomers and amines). Simulated parameters for the corresponding
reactions using rate constants obtained for the conjugation of A.M to free ADH or PDHA are given in italics.

Equivalents A+B - E A+B — Z A+B—E+Z Equilibrium
tos to.o yield
A B B pH ki[h] ki[h?]  ka[h?] k2[h?] [h] [h] [%0]
AxM ADH 0.5 4.0 4.0x10*  9.0x10?! 5.8x102  9.0x10' | 0.06 0.28 73
AoM ADH 0.5 4.0 1.8x102  2.0x10* 25x10°  2.0x10! | 0.91 3.35 51
AM PDHA 0.5 4.0 1.2x10"  6.0x10% 5.2x10%  6.0x10? | 0.22 1.21 88
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Figure S34: Kinetics of the reactions of A2M with 0.5 equivalents of a) ADH and b) PDHA.
Simulated data for the corresponding reactions of A.M with free ADH and PDHA (0.5 equivalents,
equimolar proportions of oligomers and amines) is included for comparison.

Reduction of the equilibrium mixtures was performed using 3 equivalents PB for 24 hours or 20
equivalents PB for 48 hours at room temperature for the reaction with ADH and PDHA, respectively.
Reaction mixtures were fractionated by GFC (Figure S35) and the main fractions were purified and
characterized by *H-NMR (Figure S36 — S40). Products from the ADH reaction were completely

reduced (no hydrazone resonances in the spectra) whereas minor oxime resonances were observed in
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the products from the PDHA reaction, indicating incomplete reduction. Impurity of the A;M
oligomers gave additional fractions in the GFC chromatograms obtained for both reactions. The yield
of diblocks was obtained by integrating the chromatograms (Figure S35) as described above. The
weight yield of diblocks was 74 % and 87 % for the reaction with ADH and PDHA, respectively. The
yield of diblocks corresponds well to the statistical amount of diblocks expected (73 % for ADH and
88 % for PDHA\). Unreacted oligomers were completely reduced (no H1, M resonances observed in
the *H-NMR spectra), confirming the fast reduction of A,M oligomers preventing the diblock

formation form going to completion.

a) AM b)

AM

A,M-ADH-MA, A,M-PDHA-MA,

A,M-PDHA/
A;M-PDHA-MA  A,M
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Time (min) 613-780 780-918 Time (min) 600-784 784-910
Area 4.2 3.0 Area 7.7 2.3
Area (%) 58.5 415 Area (%) 77.0 23.0

Figure S35: GFC fractionation of the reaction mixture obtained for the preparation of chitin
diblocks by reacting A2M oligomers with a sub stoichiometric amount (0.5 equivalents) of a) ADH
or b) PDHA. Fractionation of the mixture of AsM oligomers is included for comparison.
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Figure S36: *H-NMR spectrum of the purified A2M-ADH-MA; diblock fraction (D-0, 300K, 600
MHz) from the chromatogram in Figure S35a.
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Figure S37: *H-NMR spectrum of the A,M-ADH fraction (D0, 300K, 600 MHz) from the
chromatogram in Figure S35a.
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Figure S38: 'H-NMR spectrum of the AoM (reduced) fraction (D,0O, 300K, 600 MHz) from the
chromatogram in Figure S35a.
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Figure S39: *H-NMR spectrum of the purified A2M-PDHA-MA: diblock fraction (D-0, 300K, 600
MHz) from the chromatogram in Figure S35b.
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Figure S40: 'H-NMR spectrum of the A,M-PDHA/A,M (reduced) fraction (D0, 300K, 600 MHz)

from the chromatogram in Figure S35b.
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S13 Preparation and characterization of dextran (Dextm) oligomers

Dextran (Dextm) oligomers were prepared by acid hydrolysis of dextran (Dextran T-2000, My =
2,000,000). *H-NMR characterisation of Dextran T-2000 is given in Figure S41. The degree of
branching was estimated from the integral of the H1 resonance of internal glucose residues in the
main chain and the H1 of the glucose residues at the branching points (BP) to 3.6 % 6. The
degradation mixture was fractionated by preparative GFC to obtain isolated Dextm, oligomers (Figure
S42a). The isolated Dexts oligomer (DP = 6) was characterized by *H-NMR (Figure S43) and
fractionated by analytical GFC (Figure S42b) to show the slight polydispersity of the oligomer. The
degree of branching of the oligomer was estimated to approximately 0.8 % showing that the branches

are more rapidly hydrolysed than the linkages in the main chain.
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Figure S41: *'H-NMR characterization of Dextran T-2000 (D20, 300K, 600 MHz).
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Figure S42: a) Preparative GFC fractionation of the mixture of Dextm oligomers b) analytical GFC
fractionation of isolated Dexts. Fractionation of the mixture of Dextn oligomers is included for
comparison.
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Figure S43: *H-NMR spectrum of the isolated Dexts oligomer (in D,0, 300 K, 600 MHz) obtained
from the preparative GFC fractionation in Figure S42a.
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S14 Conjugation of Dextm oligomers to ADH and PDHA studied by time course NMR

Conjugation of Dexts oligomers (DP = 5) to ADH and PDHA (2 equivalents) at pH 4.0, RT was
monitored by NMR (Figure S44 and S45, respectively). Here, the reducing end of dextran (Glc,
normal reducing end), governs the conjugation and hence, the acyclic hydrazones and oximes are in
equilibrium with cyclic N-glycosides. As previously shown 5, dextran formed almost exclusively N-
pyranosides with ADH, whereas it formed N-pyranosides in addition to E- and Z-oximes with PDHA.
The equilibrium yield of conjugates (E-/Z-hydrazones or oximes + N-pyranosides) obtained for the
reactions was 35% for Dexts with ADH and 87% for Dexts with PDHA. The experimental data
obtained in the conjugation reactions were fitted using the model described in S3 (based on the
reaction scheme presented in Figure S5). The data fitting for the conjugation Dexts oligomers to ADH
and PDHA (2 equivalents) at pH 4.0 (RT) are given in Figure S46. Rates (tos and to.9) and equilibrium

yields for the total conjugation reaction are given in Table S4.
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Figure S44: 'H-NMR spectra obtained at defined time points for the conjugation reaction with
Dexts (20.1 mM) and 2 equivalents ADH at pH 4.0, RT.
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Figure S45: 'H-NMR spectra obtained at defined time points for the conjugation reaction with
Dexts (20.1 mM) and 2 equivalents PDHA at pH 4.0, RT.
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Figure S46: a) Model fitted to the experimental data obtained for the conjugation of Dexts to ADH
(2 equivalents) at pH 4.0, RT. b) Model fitted to the experimental data obtained for the conjugation
of Dexts to PDHA (2 equivalents) at pH 4.0, RT.

Table S4: Kinetic parameters obtained from the modelling of the reaction of Dexts with 2
equivalents ADH or PDHA.

A+B & E +
Equivalents Z+Pyr Equilibrium
tos tos yield
A B B pH [h] [h] [%]
Dexts ADH 2 4.0 1.74 5.84 35
Dexts PDHA 2 4.0 2.38 8.54 87

S15 Preparation of chitin-b-dextran diblocks

Chitin-b-dextran diblocks were prepared by reacting AsM-ADH or AsM-PDHA conjugates (reduced
and purified) with dextran oligomers of DP = 6 (Dexts) in an equimolar ratio. The conjugation of the
dextran block was monitored by NMR (as described in S2) and combined equilibrium yields of 15
and 66 % were obtained for the conjugation to AsM-ADH or AsM-PDHA, respectively. The kinetics
was (as above) compared to simulated values using rate constants (ki, k-1 etc) obtained for the
conjugation of Dexts to free ADH or PDHA. The results are summarised in Table S5 and the kinetic
plots are given in Figure S47. Compared to the model, it appears the second conjugation is faster and
gives higher yields than the first.
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Table S5: Kinetic parameters obtained from the modelling of the reaction of Dexts with an
equimolar proportion of AsM-ADH or AsM-PDHA.. Simulated parameters for the corresponding
reactions with equimolar proportions of oligomers and amine using rate constants obtained for the

conjugation of Dexts to free ADH or PDHA are given in italics.

A+B < E +
Equivalents Z+Pyr Equilibrium
tos too yield
A B B pH [h] [h] [%]
Dexts AsM-ADH 1 4.0 1.72 5.74 15
Dexts ADH 0.5 4.0 2.27 7.54 11
Dexts  AsM-PDHA 1 4.0 2.07 8.36 66
Dexts PDHA 0.5 4.0 5.76 21.30 51
a) 20% - b) s0% -
15% PP 60% -
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I“ J
- / e - Vi
2 10% 1 « © 40% 4
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Figure S47: Kinetics of the reactions of Dexs with equimolar amounts of a) AsM-ADH and b)
AsM-PDHA.. Simulated data for the corresponding reactions of Dexs with free ADH and PDHA

(0.5 equivalents) is included for comparison.

Reduction of the equilibrium mixtures with chitin-b-dextran diblocks was performed at 40 °C using

20 equivalents PB due to the slow reduction of conjugates with normal reducing ends °. Reduction

was terminated after 72 and 144 hours for the preparation AsM-PDHA-Dexts and AsM-ADH-Dexts

diblocks, respectively, due to the slower reduction of ADH conjugates °. The reaction mixtures were
fractionated by GFC (Figure S48), and main fractions were purified and characterized by *H-NMR
(Figure S49-S53). As purified AsM conjugates were used for the diblock preparation, the integral for
the H1, A resonance was set to 5 in all the *H-NMR spectra. The yield of diblocks was obtained by
integrating the chromatograms (Figure S48) as described above. Due to the slight polydispersity of the
Dexts oligomer, some longer and shorter diblocks were also formed. The weight yield of diblocks was
85 and 92 % for chitin-b-dextran diblocks with ADH and PDHA, respectively. The amount of

remaining unreduced diblock could not be accurately determined because the resonance
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corresponding to the unreduced N-pyranoside conjugates overlaps with other resonances in the
spectra. However, the integral for the secondary amine resonance balanced the integrals of the
resonances from both chitin and dextran, suggesting close to complete reduction of diblocks.
Approximately 40 % the unreacted dextran oligomers from the reaction with AsM-ADH conjugates
(20 equivalents PB, 40 °C) were reduced after 144 hours (6 days) (Figure S51). Hence, the dextran
oligomers are reduced by PB with a much slower rate than the A,M oligomers. The slow reduction of
dextran oligomers also explains the higher yield of diblocks obtained compared to the low amination

yield, as the dextran oligomers can react further after addition of reducing agent.
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Figure S48: GFC fractionation of the reaction mixture obtained for the preparation of diblocks by
reacting Dexts oligomers with a) AsM-ADH or b) AsM-PDHA conjugates in an equimolar ratio.
Fractionation of the Dexts oligomers and the purified conjugates are included for comparison.
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Figure S49: 'H-NMR spectrum of the AsM-ADH-Dexts fraction (D20, 300K, 600 MHz) from the
chromatogram in Figure S48a.
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Figure S50: *H-NMR spectrum of the AsM-ADH-Dexts/AsM-ADH fraction (D0, 300K, 600
MHz) from the chromatogram in Figure S48a.
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Figure S51: 'H-NMR spectrum of the Dexts fraction (D.O, 300K, 600 MHz) from the
chromatogram in Figure S48a.
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Figure S52: 'H-NMR spectrum of the AsM-PDHA-Dexts fraction (D,O, 300K, 600 MHz) from the
chromatogram in Figure S48b.
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Figure S53: *H-NMR spectrum of the AsM-PDHA-Dexts/AsM-PDHA fraction (D0, 300K, 600
MHz) from the chromatogram in Figure S48b.
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Abstract

Most polysaccharides used in polysaccharide-containing block copolymers are attached to the second block
through the reducing end, due to the few and highly polysaccharide specific non-reducing end
functionalisation methods available. However, chitin oligomers prepared by nitrous acid degradation of
chitosan, containing the reactive 2,5-anhydro-D-mannose (M) residue at the reducing end (A,M) can be
selectively oxidised by periodate at the non-reducing end to form a dialdehyde. Here, we show that the
dialdehyde is highly reactive towards bifunctional oxyamine and hydrazide linkers. Sub-stochiometric
amounts of linkers resulted in conjugation of AnM oligomers through both chain termini to yield a discrete
distribution of 'polymerised' AnM oligomers. Such chitin-based block polymers were, in contrast to chitins
of the same chain lengths, water-soluble. Oxidised A,M oligomers, functionalised at both termini can also

enable the preparation of more complex block polysaccharides such as ABA- or ABC-type.
Introduction

AB-type diblock polysaccharides represent a new class of engineered block polymers, exclusively
composed of polysaccharide blocks® 2. Coupling of the polysaccharide blocks through their reducing ends,
result in structures with antiparallel chains. Preparation of more complex block polysaccharides, such as
linear ABA or ABC triblock copolymers, additionally requires reactions at the non-reducing end (NRE) of
the B block and only a few polysaccharide specific methods for functionalisation of the NRE are described
in the literature. However, NRE reactivity has been demonstrated for dextran® and lyase degraded heparin*
after intermediate functionalisation steps.

Periodate oxidation of polysaccharides converts vicinal diols (and closely related structures) to the
corresponding dialdehydes. Hence, the ability of different polysaccharides to be oxidised depends on their
chemical composition and linkage geometry®. In the special case of fully N-acetylated chitin oligomers
prepared by nitrous acid degradation of chitosan (A.M)®, only the NRE residue contains oxidisable, vicinal
diols (Figure 1a). Therefore, periodate oxidation of such oligomers should in theory provide oligomers with
two aldehydes (C3 and C4) in the oxidised NRE (O-NRE) residue, in addition to the highly reactive pending
aldehyde of the 2,5-anhydro-D-mannose (M) residue (Figure 1b). Only a few studies describing the
functionalisation of the NRE of chitin by periodate oxidation is reported in the literature”®, and to our
knowledge, subsequent reactions with the O-NRE aldehydes have not been investigated. Hence, it is
unknown whether both the aldehydes in the O-NRE residue are reactive, but the question is pertinent as
only one of the dialdehydes obtained by lateral periodate oxidation of alginate has shown to react with

amines through reductive amination® 1,



AnM oligosaccharides have previously been subjected to reducing end (RE) activation a dioxyamine (O,0’-
1,3-propanediylbishydroxyamine, PDHA) and a dihydrazide (adipic acid dihydrazide, ADH) to form
precursors for AB-type block polysaccharides'. Such activated A,M oligomers were used to prepare A,M-
b-dextran diblocks by attaching the dextran block to the free end of the linkers. Reaction of oxidised A,M
oligomers with such dioxyamines or dihydrazides may form a range of new complex structures. In the
present work we first study the reaction of periodate oxidised A,M with an excess PDHA or ADH using
the previously developed two-step reductive amination protocol®? to assess the relative reactivities of
aldehydes at the RE and the O-NRE (Figure 1c). Secondly, we reacted oxidised A,M oligomers with a sub-
stoichiometric amount of PDHA to obtain a discrete distribution of a new type of water-soluble chitin block
polysaccharides composed of a progressively increasing number of A,M blocks reacted through both
termini. The introduction of a dialdehyde in the NRE residue combined with the highly reactive aldehyde
at the reducing of A,M oligomers enables the preparation of a range of new glycoconjugates, including

more complex block polysaccharides.

@ = N-acetyl-D-glucosamine (A) MK = 2,5-anhydro-D-mannose (M)
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Figure 1: a) chemical structure of an A,M oligomer, b) chemical structure of a periodate oxidised A;M
oligomer, c¢) conjugation of PDHA or ADH to the RE and NRE of an oxidised A,M oligomer.

Materials and methods

Materials
High molecular weight chitosan (Fa = 0.48, [n] = 1210 mL/g) was obtained from Advanced Biopolymers
ABC. Adipic acid dihydrazide (ADH), 0,0’-1,3-propanediylbishydroxylamine dihydrochloride (PDHA)



and 2-methylpyridine borane complex (a-Picoline borane, PB) were obtained from Sigma-Aldrich. All

other chemicals were obtained from commercial sources and were of analytical grade.

Gel filtration chromatography (GFC)

Preparative and analytical gel filtration chromatography (GFC) were used for fractionation of chitin
oligosaccharides and fractionation of products, respectively, as described earlier'?. In brief, both systems
were composed of Superdex 30 columns (BPG 140/950 (140 x 950 mm) and HiLoad 26/600 (26 x 600
mm), respectively) connected in series, continuously eluting ammonium acetate (AmAc) buffer (0.15 M,
pH 4.5 and 0.1 M, pH 6.9, respectively). Fractionation was monitored on-line using a refractive index (RI)
detector and fractions were collected and pooled according to elution times. The pooled fractions were
reduced to appropriate volumes, dialyzed (MWCO = 100-500 Da) against ultrapure Milli-Q (MQ) water
until the measured conductivity of the water was < 2 uS/cm and freeze-dried or freeze-dried directly without

dialysis to remove the volatile mobile phase (AmAc-buffer).

NMR spectroscopy
Water-soluble samples for NMR characterization were dissolved in D,O (450-600 uL, approx.10 mg/mL).
For some samples, 1% deuterated sodium 3-(trimethylsilyl)-propionate (TSP-ds4, 3 pL) was added as an

internal standard. Water-insoluble samples were dissolved in deuterated hexafluoro isopropanol (HFIP-dy).

Characterization was performed by obtaining 1D *H NMR spectra at 300K on a Bruker Ascend 14.1 Tesla
600 MHz equipped with Avance Il HD electronics and a 5 mm Z-gradient CP-TCI cryogenic probe. All

spectra were recorded, processed and analysed using TopSpin 3.5pl7 software (Bruker BioSpin).

Mass spectrometry (MS)
MS characterisation was performed using flow injection analysis (FIA) coupled with quadrupole time of
flight (TOF) MS as described earlier'®. The mass range was set to 50-2000 Da which limited the

characterisation of larger structures.

Preparation of chitin oligomers by nitrous acid degradation

Chitin oligomers (AsM) were prepared by nitrous acid (HONO) degradation as described earlier*?. In brief,
chitosan (Fa = 0.48) was degraded using an excess of HONO (1.3 moles of HONO per mole GIcN)
overnight in the dark at 4 °C. Washing and centrifugation steps were performed to remove the insoluble
fraction, assumed to be water-insoluble chitin oligomers. The water-soluble low molecular weight chitin
oligomers were fractionated according to degree of polymerization (DP) by GFC (DP < 10). Isolated

oligomers were purified by dialysis, freeze-dried and characterized by *H-NMR.

Periodate oxidation



Chitin oligomers (AnM) or chitin oligomer conjugates (AsM-PDHA or A:M-ADH-MA?) (10 mM) were
dissolved in MQ-water. Oxygen was removed by bubbling the solution with N gas for 10 minutes. Freshy
prepared and N bubbled NalO, (100 mM) was added to give a final molar ratio of 2:1 or 4:1 (NalO4: AnM
or conjugates). Reactions were performed in the dark at 4 °C for 24 hours on a shaking device. Ethylene
glycol (10 molar equivalents) was added to the reaction mixture and stirred for 30 minutes to terminate the
reaction. The reaction mixture was dialyzed (MWCO = 100-500 Da) against MQ-water until the measured

conductivity was < 2 uS/cm and freeze-dried.

Conjugation of oxidised AnM oligomers to ADH and PDHA

Oxidised A,M oligomers (6.5 mM) and ADH or PDHA (0.5 — 10 equivalents) were dissolved in NaAc-
buffer (500 mM, pH 4.0) and reacted for 24 hours at room temperature. PB (20 equivalents) was added to
the reaction mixture, and the reduction was allowed to proceed for 72 hours at room temperature. The
reaction mixtures were dialysed (MWCO = 100-500 Da) against 0.05 M NaCl until the partly insoluble PB
dissolved and subsequently freeze-dried. The mixtures were further fractionated by GFC. Isolated fractions
were purified by direct freeze-drying to remove the volatile GFC-buffer (AmAc) and characterised by NMR
or MS.

Results and discussion

Periodate oxidation of A,M oligomers

AnM oligomers, where n corresponds to DP-1, were prepared by nitrous acid depolymerisation as described
earlier*. The water-soluble oligomers (n = 0-8) were isolated by GFC fractionation to obtain oligomers of
specific DP. Initially, A2M oligomers were oxidised using 2 equivalents of periodate, purified by dialysis
and characterised by *H-NMR (Figure 2b). New resonances appeared in the anomeric region (4.8-5.6 ppm),
but the spectrum was otherwise too complex for a complete determination of structure and degree of
oxidation. The high complexity can be attributed to inter- or intra-residue hemiacetals readily formed with
the dialdehydes after oxidation of the NRE **°. Such hemiacetals are acid stable and difficult to structurally
elucidate, but they are reversible and will therefore not represent an issue for further modifications. A
reduced intensity was observed for the resonance resulting from H1, M (gem-diol) relative to other
resonances in the spectrum after oxidation. The reduced intensity may be caused by the formation of inter-
-residue hemiacetals with the aldehydes of the O-NRE. The M residue seemed otherwise unaltered as
predicted from its structure. Hence, the oxidation only took place at the NRE. Oxidation with 4 equivalents
of periodate gave essentially the same result, however, with an even lower intensity of the H1, M resonance
suggesting a higher degree of oxidation and more inter-residue hemiacetals formed (Figure 2c). Unless

otherwise stated, oligomers oxidised with 2 equivalents periodate were used in the following experiments.
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Figure 2: 'H-NMR spectra of a) A,M (unoxidised), b) oxidised A,M prepared using 2 equivalents NalO4
and c) oxidised A,M prepared using 4 equivalents NalOa.

Activation of oxidised A;M oligomers by PDHA and ADH

Even though oxidised A,M preparations were rather complex mixtures, we decided to proceed without
further purification as this most likely could be better obtained after conjugation to PDHA or ADH. Thus,
oxidised A;M oligomers were reacted with 10 equivalents PDHA or ADH using the two-step reductive
amination protocols recently developed for AM oligomers'2. Interestingly, the two reaction systems
behaved very differently. With ADH an insoluble fraction was formed, while this was not observed for
PDHA. The reaction mixtures (soluble fractions) were characterized by *H-NMR (Supporting information,
S1). Compared to the corresponding conjugates prepared with unoxidised oligomers, the NMR spectra of
the reaction mixtures were more complex. However, resonances resulting from the characteristic secondary
amine protons (around 3.0 ppm) appeared, indicating the formation of conjugates. Importantly, the H1
resonances for unreacted M disappeared, confirming complete reaction at the RE, as expected?. Incomplete
reduction of conjugates formed with PDHA was observed by the presence of resonances in the Schiff base
area (6-8 ppm) suggesting unoptimized reduction conditions. Conjugates formed with ADH were in
contrast completely reduced (Supporting information, S1). The reaction mixtures were further fractionated



by GFC (Figure 3). Purified fractions were characterised by *H-NMR and MS (Supporting information, S2
and S3 for PDHA and ADH, respectively).
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Figure 3: Analytical GFC fractionation of a) a standard mixture of A,M oligomers for GFC calibration,
b) the mixture following reaction of oxidised A2M with 10 equivalents PDHA and 20 equivalents PB
and c) the water-soluble fraction from the reaction of oxidised A,M with 10 equivalents ADH and 20
equivalents PB.

Fractionation of the mixture obtained for the reaction with PDHA resulted in a major fraction with an
elution time corresponding to PDHA-activated A,M (Fraction D, Figure 3b), with a shoulder fraction
(collected separately) with slightly shorter elution time (Fraction C). Both fractions were shown to contain
oligomers and PDHA linked by secondary amine or Schiff base linkages by *H-NMR and MS (Supporting
information, S2). One oxidised A;M oligomer can in principle enable the formation of eight different
conjugates with divalent amines (such as PDHA and ADH) as illustrated for PDHA in Figure 4 (2-9). MS
was used for determining their presence. 1, 5, 6 and 9 (Figure 4) were identified in fraction C and D. 5 and
6 have the same mass and cannot be distinguished by MS. Fraction C consisted predominantly of 9, which
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was the structure aimed for when using an excess of the divalent linkers. The presence of 9 confirms the
reactivity of both aldehydes at the O-NRE. This is in contrast to lateral periodate oxidation of alginate,
where only one of the aldehydes is reactive towards substitution'® *®, The absence of conjugates containing
unreacted aldehydes (2-4, 7 and 8), indicates high reactivity of all aldehydes, including the possibility to
rapidly form intramolecular (cyclic) structures. The presence of 1 confirmed incomplete oxidation of the
oligomers under the given conditions.
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00 == - S8 ¢ oo
.
658.23 Da 660.30 Da 642.30Da 642.30 Da 730.36 Da
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[ [ —
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10. 11. 12.
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15.
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Figure 4: Graphical presentation of possible structures formed when unoxidised and oxidised A;M
oligomers were reacted with an excess PDHA and the theoretical mass of each structure (fully reduced).
For structures with one oligomer (1-9) all possible combinations are presented (semi-transparent
structures were not identified). For products with two or three oligomers (10-14 and 15, respectively),
only the identified structures are presented. The symbols used are defined in Figure 1.

The presence of fractions corresponding to a hexamer and a nonamer (Fraction A and B, respectively in
Figure 3b based on the calibration with A,M oligomers in Figure 3c) indicated conjugation of PDHA to
both the RE and O-NRE of the oligomers to form chitin block structures. *H-NMR characterisation
confirmed the presence of oligomer and PDHA linked by Schiff base or secondary amine linkages

(Supporting information, S2). Due to the incomplete oxidation, the block structures were composed of a



mixture of oxidised and unoxidised A2M oligomers. MS characterisation revealed a complex mixture of
structures due to the multiple ways of combining oligomers and PDHA. For the block structures composed
of two oligomers (Fraction B, Figure 3b), diblocks containing unoxidised oligomers linked by a single
PDHA were identified (10 in Figure 4). Interestingly, diblocks composed of two oxidised oligomers linked
by two PDHA molecules through the O-NRE (11) were also identified. Their presence suggests similar or
even higher reactivities of the O-NRE aldehydes compared to the RE aldehyde. In the opposite case, one
would expect the blocks to be predominantly attached through the RE. Importantly, such diblocks could
not be identified. Diblocks with intramolecular (cyclic) structures (12 or 13) were also detected, in addition
to fully substituted diblocks attached through the O-NRE (14). For the block structures composed of three
oligomers (Fraction A, Figure 3b) we identified block structures composed of two oxidised oligomers and
one unoxidised oligomer linked through the RE and O-NRE (15). Details regarding the *H-NMR and MS
characterisation are given in Supporting information, S2. The presence of non-reduced Schiff bases,
especially for conjugates linked through the O-NRE suggest the need for longer reduction times and/or

higher concentrations of reducing agent (PB) for PDHA based reactions with oxidised oligomers.

Fractionation of the water-soluble fraction obtained for the reaction with ADH revealed a more complex
mixture of structures (Figure 3c). The three main fractions (Il, 11l and 1V) were confirmed to contain
oligomers and ADH linked by secondary amine linkages by *H-NMR (Supporting information, S3).
Fraction 1V (Figure 3c) was mainly composed of A;M-ADH conjugates formed with unoxidised oligomers
(16, Figure 5), confirming the incomplete oxidation of the oligomers discussed above. The presence of
intramolecular cyclic structures (17 or 18) in fraction Ill, analogous to those observed with PDHA,
confirmed the high reactivity of all the aldehydes. Structures containing multiple (‘polymerised”) ADH (19
or 20) were identified in fraction I, in line with previous experiments with ADH®. Fraction VI and V
contained free ‘polymerised” ADH (21 and 22, respectively). In contrast to the PDHA case, complete
reduction was obtained for all the conjugates with ADH. This supports our previous observations of faster

reduction of hydrazones compared to oximes with PB*2,

The water-insoluble fraction was dissolved in hexafluoro isopropanol (HFIP) and shown to only contain
‘polymerised’ ADH by *H-NMR (Supporting information, S4). The mechanism for the polymerisation is
unknown but seems to be enhanced by the pre-treatment of the oligomers by periodate due to the extensive
formation of ‘polymerised’ insoluble ADH formed after only 96 hours at RT. In a corresponding reaction
where ‘polymerised” ADH was observed, the reaction proceeded for 40 days at RT without forming an
insoluble fraction. The corresponding reaction was performed under the same conditions only differing in
reaction time and type of oligomer (N, N -diacetyl chitobiose (AA) instead of oxidised A2M)*. Oxidised
oligomers were only purified by dialysis prior to activation and traces of periodate or ethylene glycol may



have enhanced the ‘polymerisation” mechanism. We therefore assume that a more thorough purification of

the oligomers prior to activation (e.g. by GFC fractionation) can reduce the formation of ‘polymerised’
ADH.

Fully ADH activated oxidised A,M conjugates (corresponding to 9 in Figure 4) were not identified in the
reaction mixture, in contrast to the reaction with PDHA were a large fraction of this structure was formed.

This can be explained by the fast and extensive formation of ‘polymerised” ADH.
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Figure 5: Graphical presentation of identified structures from the reaction of oxidised (and unoxidised)
A:M oligomers with an excess ADH and the mass of each structure (fully reduced).

Although reactions of oxidised AsM oligomers with an excess of PDHA or ADH resulted in a range of
different structures, including longer block structures (11- 15, Figure 4), the results demonstrate that both
aldehydes at the O-NRE react avidly. This forms an excellent basis for further reactions towards A,M-based
block polysaccharides. Even though ADH reacted readily with the oxidised oligomers, further experiments
were performed with PDHA to circumvent the complexing factor with the ADH ‘polymerisation’.

Soluble A;M-based block polymers

Based on the results from the initial conjugation experiment with oxidised A,M and PDHA, we attempted
to form longer chitin block polymers by conjugating oxidised A2M using a sub-stoichiometric amount of
PDHA (0.5 equivalents). The resulting reaction mixture was completely water soluble. *H-NMR
characterisation confirmed the presence of secondary amines (Supporting information, S5). The reaction
mixture was subsequently fractionated by GFC (Figure 6a).
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Figure 6: a) GFC fractionation following reaction of oxidised A,M with 0.5 equivalents PDHA. b)
fractionation of a standard mixture of A,M oligomers for GFC calibration.

The reaction resulted in the formation of longer chitin block polymers (up to > DP 24 based on calibration
with A;M oligomers). Interestingly, all fractions were completely water-soluble, whereas unreacted A,M
oligomers only are water-soluble up to DP 9 (Figure 6b). Fractions (E-I) were purified and characterised
by *H-NMR and MS (Supporting information, S6). Fraction | contained oxidised oligomers activated with
one PDHA molecule forming intramolecular cyclic structures (3 or 4, Figure 4). This fraction also contained
a large portion of reduced unreacted A,M oligomers. Interestingly, no unreacted oxidised oligomers were
detected, confirming that the O-NRE aldehydes are more reactive than the aldehyde of the M residue.
Fractions G and H corresponded to fraction A and B in Figure 3 with short chitin block structures (DP 6
(e.g. 10-14 Figure 4) and 9 (e.g. 15 Figure 4), respectively). However, none of the structures were fully
substituted with PDHA as a consequence of the lower equivalence of PDHA used. Due to limitation in the
mass detection for larger ions by the MS method, identification of specific block structures in fraction E
and F was difficult. However, the obtained *H-NMR spectra were identical to the spectrum obtained for

fraction G, indicating that these are longer block polymers with otherwise similar structure.
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The large amount of reduced unreacted and unoxidised oligomers indicates slow Kinetics for the periodate
oxidation of the A,M oligomers. Less unreacted oligomers were obtained when oxidised A;M were
prepared using 4 equivalents periodate and reacted under the same conditions (Supporting information, S7).
Hence, the degree of oxidation can be increased by using a higher excess of periodate and/or longer reaction
(oxidation) time.

Preparation of soluble chitin-based block polymers using longer oxidised A,M oligomers

Oxidised AsM oligomers (prepared using 2 equivalents NalOs) were reacted with 0.5 equivalents PDHA
and fractionated by GFC (Figure 7a). The resulting chromatogram showed a series of distinct fractions with
DP (by extrapolation of the GFC calibration) corresponding to block structures composed of multiple
oxidised AsM blocks linked by PDHA.

Both the unfractionated sample and the fractions were soluble in water (buffer) even though AsM oligomers
are close to the solubility limit for chitin. The longest soluble block polymers detected had an apparent DP
above 36 (Figure 7a). 'H-NMR characterisation confirmed the presence of oligomers linked through both
the RE and O-NRE by PDHA in all fractions (Supporting information, S8). Due to limitation in mass
detection for larger ions by the MS method and the complex mixture of structures formed, the possibilities
for precise structure determination of the longer block polymers was limited. However, MS characterisation
of the fraction eluting at approx. same time as the parent oligomer turned out to be a mixture of unoxidised
oligomers and oxidised oligomers activated with a single PDHA molecule forming an intramolecular cyclic
structure, confirming the high reactivity of the O-NRE aldehydes. Hence, the oxidised AsM oligomers
behaved in the same way as the oxidised A;M. We therefore assume the longer block structures to be of the
same composition as the structures identified above.

We suggest that the increased solubility is primarily associated with the flexibility of the PDHA linker,
contributing to conformational entropy of the block structures as compared to homogenous chitin chains.
By increasing the degree of oxidation of the A,M oligomers and optimising the conjugation protocol, this
method can be used to prepare a new type of soluble chitin block polymers of longer chain length with
potential for pharmaceutical and biomaterial applications.
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Figure 7: a) GFC fractionation following reaction of oxidised AsM, prepared using 2 equivalents

periodate, with 0.5 equivalents PDHA b) fractionation of a standard mixture of A,M oligomers for GFC
calibration.

An alternative approach to NRE functionalisation of chitin oligomers

Reaction with periodate oxidised A,M oligomers resulted in a complex mixture of structures. We therefore
investigated the oxidation of chitin conjugates (AsM-ADH/PDHA) as an alternative approach to
functionalise the NRE of chitin oligomers. This approach requires stability of the secondary amine linkage
between the oligomers and PDHA or ADH throughout the oxidation step. AnM conjugates (AsM-PDHA
and the diblock A;M-ADH-MA;) were oxidised using 2 equivalents periodate. *H-NMR characterisation
after dialysis showed complete disappearance of the resonances resulting from the secondary amines and a
drastic change in the proton resonances resulting from the M residue (Figure 8 for AsM-PDHA and
Supporting information, S9 for A:M-ADH-MA:). Hence, the results indicate that the secondary amine
linkages are destroyed during the oxidation. Interestingly, a minor resonance from H1 M residue reappeared
after the treatment with periodate for the AsM-PDHA conjugate (Figure 8c). This was not observed for the
periodate treatment of A,M-ADH-MA; (Supporting information, S9), suggesting different mechanisms for
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the degradation of the conjugates. In any case, this approach is unfortunately not applicable for the

preparation of precursors for ABA- or ABC-type block polysaccharides.
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Figure 8: *H-NMR spectra of a) a purified AsM oligomer, b) the purified AsM-PDHA conjugate prior
to oxidation and c) the resulting mixture after oxidation and dialysis.

Conclusions

The vicinal diol in the NRE end residue of A,M oligomers can be selectively oxidised by periodate, forming
the corresponding dialdehydes in addition to the pending aldehyde of the M residue. The dialdehydes are
even more reactive towards dioxyamines and dihydrazides than the already reactive aldehyde of the M
residue. Reactions with an excess of these divalent linkers can provide A;M oligomers fully substituted at
the RE and O-NRE. Such oxidised oligomers are therefore potential precursors for a range of new
glycoconjugates, including complex block polysaccharides. The latter was demonstrated by the formation
of a discrete distribution of ‘polymerised’ AnM oligomers through reactions with sub-stoichiometric
amounts of linkers. Importantly, these block polysaccharides were, in contrast to chitins of the same chain
lengths, water-soluble. Such soluble chitin-based polymers may be relevant for biomedical and biomaterial

applications.
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S1 Characterisation of reaction mixtures with oxidised A2M oligomers and an excess
PDHA or ADH

The reaction mixtures formed when oxidised A2M oligomers were reacted with 10 equivalents PDHA
using the two-pot reductive amination procedure (pH 4.0, 20 equivalents PB added after 24 hours, with a
total reduction time of 72 hours) and the water-soluble fraction from the corresponding experiment with
ADH were characterized by *H-NMR and compared to purified A,M-PDHA and A,M-ADH conjugates
prepared using unoxidised oligomers (Figure S1 and S2, respectively). Compared to the latter, the *H-
NMR spectra of the reaction mixtures formed with oxidised A,M oligomers were more complex.
However, resonances resulting from the characteristic secondary amine protons (around 3.0 ppm) were
present in the samples, confirming formation of conjugates. The resonances were, however, more
complex than for the conjugates with unoxidised A2M oligomers suggesting more than one type of
conjugates formed. Incomplete reduction of conjugates formed with PDHA (Figure S1) was observed by
the presence of resonances in the Schiff base area (6-8 ppm). Conjugates formed with ADH were in
contrast completely reduced (Figure S2).
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Figure S1: *H-NMR spectra of a) the mixture formed upon reaction of oxidised A,M oligomers with
10 equivalents PDHA and b) the purified A:M-PDHA conjugate with annotations of identified
resonances?.
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Figure S2: *H-NMR spectra of a) the mixture formed upon reaction of oxidised A;M oligomers with
10 equivalents ADH, b) purified A,M-ADH conjugate with annotations of identified resonances®.

b)

S2 Characterisation of fractions from the reaction with oxidised A2M oligomers and an
excess PDHA

The reaction mixture obtained when oxidised A.M oligomers were reacted with 10 equivalents PDHA
was fractionated by GFC (Figure S3). Collected fractions (A-D) were purified and characterised by *H-
NMR and MS. The *H-NMR spectra of the fractions are given in Figure S4-S7. The structures identified
by MS and their theoretical mass (Da) are included in the figures. The incomplete reduction of Schiff
bases did, however, influence the observed mass of some of the structures. The results from the MS

characterisation of the fractions are presented in Table S1.
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Figure S3: GFC fractionation of a) a standard mixture of AsM oligomers for calibration and b) the

reaction mixture obtained for oxidised A>M oligomers reacted with 10 equivalents PDHA using the
two-pot reductive amination protocol.
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Figure S4: *H-NMR spectrum of fraction A from Figure S3. The structure identified by MS is included
in the figure.
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Figure S5: *H-NMR spectrum of fraction B from Figure S3. The structures identified by MS are
included in the figure.
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Figure S6: 'H-NMR spectrum of fraction C from Figure S3. The structure identified by MS is
included in the figure.
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Figure S7: 'H-NMR spectrum of fraction D from Figure S3. The structures identified by MS are
included in the figure.



Table S1: Results of the MS characterisation of fractions obtained in the reactions with oxidised A;M
oligomers and 10 (fraction A-D) or 0.5 equivalents (fraction E-I) PDHA. Structures were either identified
as fully reduced or with X number (#) of Schiff bases (oximes) due to incomplete reduction. The m/z ions
in bold represent ions identified in the fractions. Semi-transparent structures were not identified in any of
the fractions. Fractions E-1 are discussed in chapter S6.

. # of
Structure Fraction Theoretical Schiff m
mass (D) osest  [M+H* [M+Na]*  [M+K]*  [M+2HP
568.21 - 569.21 591.20 607.17
[ I 570.23 - 571.24 593.22 609.19
00 == D 658.29 - 659.30 681.28 697.25
] 660.30 - 661.31 683.29 699.26
Coex g{ | 642.30 - 643.31 665.29 681.26
640.28 1 641.29 663.27 679.24
730.36 - 731.37 753.35 769.32
5 Cootem D 726.33 2 727.34 749.32 765.29
- — 748.37 - 742.38 764.36 780.33
836.43 - 837.44 859.42 875.39
—ee == c/D 834.42 1 835.43 857.41 873.38
832.40 2 833.41 855.39 871.36
121051 - 121152 123350 1249.47
| ot BIH 120849 1 1209.50 123149 1247.46
128459 - 1285.60 1307.58 132355 643.30
00100+ B/H 1282.58 1 1283.59 1305.57 1321.54 642.30
1280.56 2 1281.57 1303.55 1319.52 641.29
1278.54 3 1279.55 1301.53 1317.50 640.28
1354.65 - 1355.66 1377.64 1393.61 678.33
Coormine) B/H 1352.63 1 1353.64 1375.62 1391.59 677.32
m 1350.61 2 1351.62 1373.60 1389.57 676.31
1346.58 4 134759 1369.57 1385.54 674.30
1460.72 - 1461.73 1483.71 1499.68 731.37
1458.70 1 1459.71 1481.69 1497.66 730.36
= 90y 00 == B 1456.68 2 1457.69 1479.67 1495.64 729.35
1454.66 3 1455.68 1477.65 1493.62 728.34
145264 4 1453.67 147563 1491.60 727.33
1924.87 - 1925.88 1947.86 1963.83 963.44
HOU 004100 G 1922.86 1 1923.87 1945.85 1961.82 962.44
—— O 10 0O A 2012.94 - 2013.95 2035.93 2051.90  1007.48
2008.90 2 2009.91 2031.89 2047.86  1005.46

* Number (#) of Schiff bases (oximes) in the structure that were not reduced



S3 Characterisation of fractions from the reaction with oxidised A2M oligomers and an
excess ADH (water-soluble fraction)

The water-soluble fraction from the reaction of oxidised A.M oligomers and 10 equivalents ADH was
separated by GFC (Figure S8). Collected fractions (1.-V1.) were purified and characterised by *H-NMR
and MS. The *H-NMR spectra of the fractions are given in Figure S9-S14. The structures identified by
MS and their theoretical mass (Da) are included in the figures. All structures were completely reduced as
in contrast to the structures from the corresponding reaction with PDHA. The results from the MS
characterisation are presented in Table S2.

b)

600 650 700 750 800 850 900 950 1000 1050
Time (min)

Figure S8: GFC fractionation of a) a standard mixture of A,M oligomers for calibration and b) the
water-soluble fraction obtained for oxidised A>M oligomers reacted with 10 equivalents ADH using the
two-pot reductive amination protocol.
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Figure S10: *H-NMR spectrum of fraction I1. from Figure S8. The structures identified by MS are
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Figure S11: *H-NMR spectrum of fraction I11. from Figure S8. The structures identified by MS are
included in the figure.
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Figure S12: *H-NMR spectrum of fraction IV. from Figure S8. The structure identified by MS is
included in the figure.
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Figure S13: 'H-NMR spectrum of fraction V. from Figure S8. The structure identified by MS is
included in the figure.
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Figure S14: *H-NMR spectrum of fraction V1. from Figure S8. The structure identified by MS is
included in the figure.
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Table S2: Results of the MS characterisation of fractions obtained in the reaction with oxidised A:M
oligomers and 10 equivalents ADH (fraction 11.-.V1.). All structures identified were fully reduced. The
m/z ions in bold represent ions identified in the fractions.

Structure Fraction Theoretical m:
mass (Da) [M+H]* [M+Na]* IM+K]* [M+2H]2*
o VI 316.19 317.20 339.18 355.15
s s V. 458.26 459.27 481.25 497.22
00$um V. 726.33 727.34 749.32 765.29
e} Cootm m 866.43 867.44 889.42 905.39
e . 1008.51 1009.52 1031.50 1047.47 505.26

S4 Characterisation of the water-insoluble fraction from the reaction with oxidised Az2M
oligomers and an excess ADH

The water-insoluble fraction from the reaction of oxidised A2M oligomers with 10 equivalents ADH was
dissolved in hexafluoro isopropanol (HFIP) and characterised by *H-NMR (Figure S15a). Spectra of A,M
and ADH dissolved in HFIP is included for comparison (Figure S15b and c, respectively). Only
resonances from the protons of ADH was observed in the spectrum obtained for the insoluble fraction,

and hence, the sample only contained polymerized ADH.

HFIP
CH,, CH,,
ADH ADH
a) J\\ .
H1, A -Ac, A
b) l U L
) i J L
I T T T T T T T T 1
5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 ppm

Figure S15: 'H-NMR spectra of a) the insoluble fraction from the reaction of oxidised A,M oligomers
and 10 equivalents ADH, b) A.M and c¢) ADH in HFIP.
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S5 Characterisation of the reaction mixture formed with oxidised A2M oligomers and a
sub-stoichiometric amount of PDHA

The reaction mixture obtained for oxidised A2M oligomers and 0.5 equivalents PDHA was characterized
by 'H-NMR and compared to the spectra obtained for the mixture formed with 10 equivalents PDHA and
the purified A2M-PDHA conjugate (Figure S16). Compared to latter, the NMR spectra of the reaction
mixtures formed with oxidised A;M oligomers were more complex. However, resonances resulting from
the characteristic secondary amine protons (around 3.0 ppm) were present in the sample, confirming
formation of conjugates. The resonances were, however, more complex than for the conjugates with
unoxidised oligomers suggesting more than one type of conjugates formed. Compared to the reaction
mixture formed with 10 equivalents PDHA (Figure S16b), the sub-stoichiometric amount of PDHA
resulted in less defined proton resonances and higher intensity of resonances in the Schiff base area (6-8

ppm), indicating cyclic structures and more unreduced conjugates, respectively.

Schiff base area

\
a) M A M"U

LA -Ac, A CH,,
H2/H4, M HL M PDHA
H3, M Secondary amine \ /
/—"—\
I

c) TP "y . J MUL‘\___J

I T T T T T T
7.0 6.0 5.0 4.0 3.0 2.0 ppm

Figure S16: *H-NMR spectra of a) the reaction mixture formed with oxidised A,M oligomers and a
sub-stochiometric amount of PDHA (0.5 equivalents), b) the reaction mixture formed with oxidised
A:M an excess of PDHA (10 equivalents) and c) the purified A,M-PDHA conjugate with annotations
of identified resonances?.
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S6 Characterisation of fractions from the reaction with oxidised A2M and a sub-
stoichiometric amount PDHA

The reaction mixture obtained when oxidised A.M oligomers were reacted with 0.5 equivalents PDHA
was fractionated by GFC (Figure S17). Collected fractions (E-I) were purified and characterised by *H-
NMR and MS. The *H-NMR spectra of the fractions are given in Figure S18-S22. The structures
identified by MS and their theoretical mass (Da) are included in the figures. The incomplete reduction of
Schiff bases did, however, influence the observed mass of some of the structures. The results from the MS
characterisation of the fractions are included in Table S1 (S2).

400 500 600 700 800 900 1000
Time (min)

Figure S17: GFC fractionation of a) a standard mixture of A;M oligomers for calibration and b) the
reaction mixture obtained for oxidised A>M oligomers reacted with 0.5 equivalents PDHA using the
two-pot reductive amination protocol.
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Figure S18: *H-NMR spectrum of fraction E from Figure S17.
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Figure S19: 'H-NMR spectrum of fraction F from Figure S17.
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Figure S20: *H-NMR spectrum of fraction G from Figure S17. The structure identified by MS is
included in the figure.
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Figure S21: *H-NMR spectrum of fraction H from Figure S17. The structures identified by MS are
included in the figure.
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Figure S22: 'H-NMR spectrum of fraction I from Figure S17. The structures identified by MS are
included in the figure.

S7 Reaction of oxidised A2M oligomers, obtained using 4 equivalents periodate, with a sub-
stoichiometric amount of PDHA

Oxidised A2M oligomers, obtained using 4 equivalents periodate, were reacted with 0.5 equivalents
PDHA. GFC fractionation of the reaction mixture was compared to the fractionation of the reaction
mixture obtained when oxidised A2M oligomers, obtained using 2 equivalents periodate, were reacted
with PDHA under the same conditions (Figure S23). The fractionation revealed a smaller relative fraction
of unreacted oligomers when a higher concentration of periodate was used, indirectly confirming that a
higher degree of oxidation was obtained using 4 equivalents periodate. The results also confirm that
oxidised oligomers react more rapidly than unoxidised oligomers.
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Figure S23: GFC fractionation of a) a standard mixture of A,M oligomers for calibration, b) the
reaction mixture obtained for A2M oligomers, oxidised with 4 equivalents periodate, reacted with 0.5
equivalents PDHA and c) the reaction mixture obtained for A,M oligomers, oxidised with 2
equivalents periodate, reacted with 0.5 equivalents PDHA using the two-pot reductive amination
protocol.

S8 Characterisation of fractions from the reaction with oxidised AsM and a sub-
stoichiometric amount PDHA

The reaction mixture obtained when oxidised AsM oligomers were reacted with 0.5 equivalents PDHA
was fractionated by GFC (Figure S24). Collected fractions were purified and characterised by *H-NMR
(and MS). The *H-NMR spectra of the fractions are given in Figure S25 (main fraction) and Figure 26
(the remaining fractions). Structures identified by MS in the main fraction are included in Figure S25. The
composition of the polymerised block structures was not identified due to limitations in the MS method

for mass detection of larger ions.
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Figure S24: GFC fractionation of a) the reaction mixture obtained for oxidised AsM oligomers reacted

with 0.5 equivalents PDHA using the two-pot reductive amination protocol and b) a standard mixture
of A,M oligomers for calibration.
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Figure S25: *H-NMR spectrum of the main fraction from Figure S24. The structures identified by MS
are included in the figure.
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Figure S26: 'H-NMR spectra of fractions from Figure S24.

H1,
Secondary amine

S9 Periodate oxidation of A2M-ADH-MA: diblocks

The A,2M-ADH-MA; diblock was subjected to oxidation using 2 equivalents periodate. *H-NMR
spectrum after purification by dialysis is given in Figure S27, revealing complete disappearance of the
resonances resulting from the secondary amines and a drastic change in the proton resonances resulting
from the reducing end M residue. Hence, the results indicate that the secondary amine linkages of the

diblock are destroyed during the periodate oxidation.
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Figure S27: *H-NMR spectra of a) a purified A,M oligomer, b) the purified A,M-ADH-MA diblock
prior to oxidation and c) the resulting mixture after oxidation and dialysis.
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