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Abstract

The scope of this thesis was to prepare and characterize a chitin-b-chitosan diblock of the type
AnM-PDHA-MDm. This included upscaling of AnM oligomers based on a protocol by Mo et
al. (22). Due to their sustainability, biocompatibility and biodegradable nature, chitin and chi-
tosan are very versatile for biomedical applications, specifically drug delivery systems and gene
therapy. Here, the field of block polysaccharide structures is emerging rapidly, with an expand-
ing set of applications. Being a polycation, chitosan has a complex-forming ability enabling it
to associate with anionic structures. Chitin has adjuvanting effects and induces the produc-
tion of cytokines and chemokines by a variety of cell surface receptors, like Toll-like receptor 2
(TLR-2), dectin-1 and macrophage mannose receptor. Combined, chitin-b-chitosan diblocks
may be used to stabilize mRNA with adjuvanting effects in future vaccines, thus a protocol for
their preparation is of high interest.

The preparation of the diblock comprised three main steps: preparation of AnM -and DnM
oligomers by nitrous acid (HONO) degradation; preparation of AnM-PDHA conjugates; and
conjugation of DmM to AnM-PDHA. Upscaling AnM oligomers was done by using high-capacity
SEC columns for fractionation, and desalting pooled fractions by centrifugal filtration. Small-
scale testing of centrifugal filtration by HPAEC-PAD using various polymer samples (HA, SBG,
G7, G20 and Dext34) indicated that dimers were withheld by the filter. However, large-scale pu-
rification proved unsuccessful for oligomers with a DP < 10. When separating DnM oligomers,
NaAc was explored as an alternative to AmAc as the mobile phase to avoid direct self-branching
by Schiff base reaction. However, loss of M unit due to self-branching was confirmed by 1H-
NMR, indicating that the reaction can take place at pH < pKa which is lower than previously
assumed.

A4M was successfully conjugated with O,O’-1,3-propanediylbishydroxylamine (PDHA), follow-
ed by reduction with Æ-picoline boran (PB). For diblock preparation, in-house D5M was used
due to insufficient DnM recovery. D5M and A4M-PDHA were conjugated in equimolar ratios
and reduced as described for A4M-PDHA. Purified diblock was characterized using 1H-NMR,
proving the conjugation was successful. Throughout the preparation of A4M-PDHA-MD5, sig-
nificant loss of material was a recurring observation. It is therefore assumed that a MWCO =
3.5 kDa during dialysis was inappropriate for oligomers with a DP < 10, and the majority of the
loss may have occurred here. A MWCO = 500-1000 Da resulted in a yield of 78.5% compared to
< 3% for MWCO = 3.5 kDa when purifying A4M-PDHA, further strengthening this assumption.
However, in the preparation of DnM oligomers, material could be lost inside the columns due
to electrostatic interactions between chitosan and the stationary phase.



Sammendrag

Formålet med denne oppgaven var å lage og karakterisere en kitin-b-kitosan diblokk av typen
AnM-PDHA-MDm. Dette inkluderte en oppskaleringsmetode for AnM oligomerer basert på en
protokoll fra Mo et al. (22). Kitin og kitosan er svært anvendelige for biomedisinske formål grun-
net deres bærekraftige, biokompatible og bionedbrytbare natur, da særlig innen transportsyste-
mer for legemidler og genterapi. Strukturer av blokkpolysakkarider er et raskt voksende felt med
økende bruksområder. Ettersom kitosan er et polykation, har den kompleks-dannende egen-
skaper med anioniske strukturer. Videre har kitin adjuvante egenskaper og induserer produk-
sjon av cytokiner og kjemokiner gjennom en rekke overflatereseptorer, slik som Toll-lignende
reseptor 2 (TLR-2), dektin-1 og makrofag mannose reseptor. Kombinert, kan kitin-b-kitosan di-
blokker benyttes til å stabilisere mRNA med adjuvante egenskaper i fremtidige vaksiner, så en
protokoll er derfor av stor interesse.

Tillaging av diblokken kan deles inn i tre hoveddeler: preparere AnM -og DnM-oligomerer ved
hjelp av salpetersyrling (HONO); preparere AnM-PDHA konjugater; og konjugere DmM til AnM-
PDHA. Oppskalering av AnM-oligomerer ble gjort ved å bruke store SEC kolonner til fraksjoner-
ing, samt rense dem ved hjelp av sentrifugefiltrering. Testing av sentrifugefiltreringen i liten
skala med ulike polymerer (HA, SBG, G7, G20 og Dext34) viste at filteret holdt tilbake dimerer.
Dette ble tilbakevist i stor skala, hvorav oligomerer med DP < 10 gikk gjennom filteret. Ved SEC-
fraksjonering av DnM-oligomerer ble NaAc utforsket som et alternativ til AmAc som bruk av
mobilfase, for å unngå selvforgreining ved Schiff basereaksjon. Tap av M-enheter som følge av
selvforgreining ble likevel bekreftet ved 1H-NMR, noe som tyder på at reaksjonen kan skje ved
pH < pKa. Dette er lavere enn tidligere antatt.

A4M ble konjugert til O,O’-1,3-propanediylbishydroxylamine (PDHA), etterfulgt av redusering
med Æ-picoline boran (PB). En tidligere D5M-prøve ble brukt i tillagingen av A4M-PDHA-MD5,
ettersom utbyttet av DnM var utilstrekkelig. D5M og A4M-PDHA ble konjugert i ekvimolare
mengder og redusert som beskrevet for A4M-PDHA. Renset diblokk ble karakterisert ved hjelp
av 1H-NMR, noe som viste at konjugeringen var vellykket. Signifikante massetap var en gjen-
nomgående observasjon i hvert steg av tillagingen av A4M-PDHA-MD5. På bakgrunn av dette
antas det at en MWCO = 3.5 kDa er uegnet for oligomerer med en DP < 10, hvorav mesteparten
av massetapet kan skyldes dialysen. En MWCO = 500-1000 Da ga et utbytte på 78.5% sammen-
lignet med < 3% for MWCO = 3.5 kDa ved rensing av A4M-PDHA. Like fullt kan tap av DnM-
oligomerer forekomme i SEC-kolonnene på grunn av elektrostatiske interaksjoner mellom ki-
tosan og den stasjonære fasen.



Abbreviations

A N-acetyl-D-glucosamine
AcOH Acetic acid
AmAc Ammonium acetate
CHOS Chitooligosaccharides
D D-glucosamine
Dext Dextran
DP Degree of polymerization
DPn Number average degree of polymerization
FA Number of N-acetylglucosamine residues
FD Number of glucosamine residues
G Æ-L-Guluronic acid
GlcNAc N-acetyl-D-glucosamine
GlcN D-glucosamine
HA Hyaluronic acid
HMF 5-hydroxymethyl-2-furfural
1H°NMR Proton nuclear magnetic resonance
HONO Nitrous acid
HPAEC-PAD High-performance anion-exchange chromatography with pulsed ampero-

metric detection
M 2,5-anhydro-D-mannose
MQ-water Milli-Q water (ultrapure water)
MWCO Molecular weight cut-off
NaAc Sodium Acetate
NaBH3CN Sodium cyanoborohydride
PB Æ-picoline borane
PCBC Polysaccharide-containing block copolymers
PDHA O,O’-1,3-propanediylboshydroxylamine
PEG Polyethylene glycol
PES Polyethersulfone
pKa Acid dissociation constant
RT Room temperature
SBG Ø(1,3)-glucan
SEC Size exclusion chromatography
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1 | Introduction

1.1 Background

Green chemistry and the use of renewable resources is of the utmost importance to ensure a
sustainable future. Today, biomass is a promising alternative to fossil fuels for the production
of functional materials(37). Biopolymers, specifically polysaccharides, are ubiquitous with a
high structural diversity that provide a wide range of physical and chemical properties. They
are inexpensive, biodegradable, biocompatible and non-toxic, enabling them to be used in var-
ious fields, such as biomedicine, material science and nutrition. Polysaccharides are stimuli-
responsive and necessary for many biological processes, including regulation of cell growth,
cell recognition and adhesion, inflammation and pathogenesis(25). Chemical modifications of
polysaccharides, such as lateral conjugation, usually change their properties. However, termi-
nal conjugation at the reducing end preserves more of the intrinsic properties, resulting in novel
types of polymer structures termed block polysaccharides. Diblock polysaccharides, compris-
ing two constitutionally different oligo- or polysaccharide blocks, have the ability to form a vari-
ety of nanoscale structures(27). This opens up new possibilities within biomedical applications,
including drug delivery systems and non-viral vectors for gene therapy.

Chitin is a neutral homopolymer of GlcNAc (A) residues and the second most abundant poly-
saccharide in nature, occurring as crystalline microfibrils in the exoskeleton of crustaceans and
insects, as well as the cell walls of yeast and fungi(29). In the last decade, chitin has demon-
strated complex effects on innate and adaptive immune responses, such as the ability to re-
cruit and activate immune cells, as well as having adjuvanting effects. It induces the produc-
tion of cytokines and chemokines by a variety of cell surface receptors, like Toll-like receptor
2 (TLR-2), dectin-1 and macrophage mannose receptor(16). Chitosan is a polycationic het-
eropolymer derived from chitin by partial de-N-acetylation, and can form polyelectrolyte com-
plexes (PEC) with negatively charged particles(30). This property makes chitosan highly attrac-
tive for mRNA / siRNA delivery systems(33). Preparation of chitin- and chitosan diblocks with
dextran have successfully been reported(22;12). Here, both chitin and chitosan oligomers were
end-functionalized by 2,5-anhydro-D-mannose (M), which is a result of nitrous acid (HONO)
depolymerization. The M residue render the oligomers highly reactive, thus making them ideal
for diblock preparation. AnM-b-MDm diblocks have yet to be explored, and would be of great
importance for adjuvanting mRNA-delivery systems due to the complex-forming ability and
adjuvanting effect of chitosan and chitin, respectively.

9



10 CHAPTER 1. INTRODUCTION

1.2 Aim

The aim of this Master’s thesis was to prepare and characterize chitin-b-chitosan diblocks. This
comprised

• Explore a method for upscaling oligomer preparation, specifically AnM.

• Prepare A4M-PDHA and conjugate to D5M.

• Develop a preparative protocol for chitin-b-chitosan diblocks.

A visualization of the aim is presented in Figure 1.2.1. Preparative protocols for chitin- and chi-
tosan diblocks with PDHA-activated dextran have been successfully reported(22;12). However,
there is no protocol for the preparation of AnM-PDHA-MDm, with its chemical structure shown
in Figure 1.2.2. By end-functionalizing both chitin and chitosan oligomers with an M residue, its
high reactivity is exploited two folds, decreasing the preparation time. Thus, the development
of such a protocol was of high interest, along with the characterization of a AnM-PDHA-MDm
diblock.

Figure 1.2.1: Overview of the aim of the Master’s thesis: upscaling chitin oligomers (AnM), and prepare and char-
acterize chitin-b-chitosan diblocks.

Figure 1.2.2: Chemical structure of a AnM-b-MDm diblock.



2 | Theory

This Master’s thesis is a continuation of my specialization project carried out in the fall of
2021(14), thus some of the theory overlap. Specifically, Section 2.3 is directly acquired from my
specialization project, whereas Sections 2.4.1 2.4.3 are summarized in this thesis, but can be
found in more detail in the project.

2.1 Block copolymers

Block copolymers comprise two or more terminally linked polymers, which are constitutionally
different. In contrast to lateral linking, terminal linking results in new structures in which the
intrinsic properties are preserved. A non-repeating molecule is typically used as a linker. They
are described extensively in literature, varying from the most simple copolymer, a diblock (AB),
to a star whose arms are blocks(26;11). An illustration of various block copolymers are shown in
Figure 2.1.1.

(a) AB-block (b) ABA-block

(c) Star-block (d) ABC-block

Figure 2.1.1: Schematic representations of various block copolymers comprising two or three constitutionally dif-
ferent and terminally linked polymers. (a) Diblocks, (b) triblocks and (c) star-blocks can be obtained
from two polymers, while three polymers result in a different triblock (d).

11
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Synthetic block copolymers

Synthetic block copolymers, typically obtained from petroleum-based resources, are amphiphilic,
comprising a hydrophobic and hydrophilic block. This enables them to self-assemble under
appropriate conditions. Some examples include the self-assembly of AB or ABC block copoly-
mers, in which they form various ordered structures such as micelles, polymersomes and lamel-
lae that can be applied in many fields(2). The strategy advances within block copolymers have
made it possible to create complex structures, and it remains an active field of research(26). De-
spite their simplicity, diblocks are the most studied as they can form a variety of nanoscale
structures(27). In recent years, the focus on sustainability and renewable resources has in-
creased, resulting in a gradual shift from synthetic block copolymers to polysaccharide-containing
block copolymers, and block polysaccharides.

Polysaccharide-containing block copolymers

Polysaccharides are involved in many biological processes. Among these are regulation of cell
growth and inflammation by acting as attachment sites for hormones and infectious toxins,
cell recognition and adhesion, as well as structural support(25). Due to their biocompatible
and structurally diverse nature, a wide range of applications can be obtained. Structurally, the
large number of hydroxyl groups attached to polysaccharides indicate that they will have a low
reactivity. However, the terminal residue exist in equilibrium between its open and closed ring
form which is shown in Figure 2.1.2, albeit favoring the cyclical form. Chemical modifications
are made possible by an electrophilic aldehyde group, present in the open chain form, that act
as a reducing agent(45).

Polysaccharide-containing block copolymers (PCBC) represent a class of more sustainable al-
ternatives to synthetic copolymers, and have been studied for decades(45). They are used in
emulsifiers and surfactants, and have the ability to self-assemble(11). Here, the hydrophilic
polysaccharide form a stable interphase with the aqueous phase, stabilizing the self-assembled
hydrophobic polymer core. Various blocks have been described in literature, such as PEG-
based copolymers attached to chitosan, hyaluronic acid (HA) and dextran(17). These PCBC have
shown potential as drug delivery systems and advanced biomaterials for tissue engineering, cell
encapsulation and immunogenicity. Nevertheless, synthetic blocks may bioaccumulate and
elicit immune responses due to not being fully biodegradable.

Figure 2.1.2: The open and closed stereoisomer of a glucose monomer. The reducing-end aldehyde of the open
structure is available for further reactions.
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Block polysaccharides

Block polysaccharides are a novel type of engineered block copolymers that exclusively com-
prise natural biopolymers. Due to their non-toxicity, they present beneficial properties com-
pared to synthetic polymers, such as biocompatibility and biodegradability. Polysaccharides
vary greatly with respect to structural composition, linkages and functional groups, enabling
block preparation with specific properties valuable for biomedical applications. This includes
self-assembling nanoparticles, which can be prepared from polysaccharides with intrinsic self-
assembling properties (chitin, dextran, Ø(1,3)-glucans) and pH-dependent properties (HA, al-
ginate, chitosan)(37). One of the most common strategies for preparation of block polysac-
charides is reducing end functionalization involving reductive amination, which is further de-
scribed in Section 2.3. Distinct for chitosan is nitrous acid (HONO) degradation, forming chi-
tooligosaccharides (CHOS) with a 2,5-anhydro-D-mannose (M) residue at the reducing end.
This M-residue is highly reactive, resulting in faster diblock preparation(21), and is explained in
Section 2.2.3.

2.2 Chitin and chitosan

2.2.1 Structure and chemical properties

Chitin, being the second most abundant polysaccharide in nature, occurs as crystalline mi-
crofibrils in the exoskeleton of crustaceans and insects, as well as the cell walls of yeast and
fungi(29). It is utilized where strength and reinforcement are required due to its structure and
self-assembly properties. Chitin is a highly hydrophobic, unbranched homopolymer consisting
of N-acetyl-D-glucosamine (GlcNAc, A) residues linked by Ø(1,4)-glucosidic bonds. Moreover,
there are two main allomorphs, Æ-chitin and Ø-chitin, in which the respective chains are an-
tiparallel and densely packed due to intra- and intermolecular hydrogen bonding, or parallel
and less densely packed(4). Ø-chitin is the most abundant form, and results in its insoluble na-
ture in common solvents. However, chitin with a degree of polymerization (DP) < 10 is water-
soluble, and special solvents such as DMAc/LiCl or cold alkali can also be used(22).

Pure chitin is rarely found in nature, and usually some of the GlcNAc residues are deacylated,
resulting in D-glucosamine (GlcN, D)(39). Chitin is therefore commonly described as a fraction
of N-acetylated residues, FA, described by Equation (2.2.1). Here, nA and nD represent the
number of GlcNAc and GlcN residues respectively, whereas FD is the fraction of GlcN. Partial
de-N-acetylation of chitin results in chitosan with a varying degree of FA, ranging between 0.10
and 0.20, and 0.9 and 1 for chitosan and chitin, respectively(22;18).

FA = nGl cN Ac

nGl cN Ac +nGl cN
= nA

nA +nD
= 1°FD (2.2.1)
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The chemical structure of chitin and chitosan is shown in Figure 2.2.1. Unlike chitin, chitosan
is polycationic due to the free amino group (NH +

3 ) of the D residues, making it highly respon-
sive to changes in pH and ionic strength. Due to amino groups being bases, they follow the
equilibrium described by Equation (2.2.2). The pKa is around 6.5, above which it is neutral
and precipitates(47). When pH < pKa, the polycation exists in an expanded structure due to
electrostatic repulsion between the amino groups, resulting in a high intrinsic viscosity. Highly
de-N-acetylated chitosan (FA between 0 and 0.2) are insoluble at neutral and high pH, whereas
chitosan with FA between 0.4 and 0.6 remain soluble at pH 7, as a result of the decreased possi-
bility of neutral chains (with a high number of A residues) aligning(46;47). This property enables
chitosan to participate in a variety of applications, including mRNA and siRNA delivery, by in-
teracting with the negative charges in DNA / RNA, forming polyelectrolyte complexes (PEC)(30).

°NH +
3 °°*)°°°NH2 +H+. (2.2.2)

Figure 2.2.1: The chemical structure of chitin and chitosan. Chitin is a homopolymer comprising Ø(1,4)-linked N-
acetyl-D-glucosamine (GlcNAc, A), while chitosan is a partially de-N-acetylated derivative consisting
of D-glucosamine (GlcN, D) in addition to GlcNAc residues (21).
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2.2.2 Chitooligosaccharides (CHOS)

Chitooligosaccharides (CHOS) are typically defined as chitosans with a DP < 20 (Mw < 4 kDa),
and are obtained by chemical or enzymatical degradation of chitin or chitosan(22). Compared to
high-molecular weight chitosan, CHOS have unique properties such as higher water-solubility
and lower viscosity in aqueous solutions. They are highly bioactive, with immunoregulatory
and antioxidant effects, as well as being anti-inflammatory(28).

2.2.3 HONO depolymerization of chitosan

HONO depolymerization of chitosan only affects the unacetylated D residues and converts
them into 2,5-anhydro-D-mannose (M) residues by deamination, followed by chain scission.
This results in a mixture of CHOS with an M residue at the reducing end (AnM and DnM) as
shown in Figure 2.2.2. Here, n refers to the number of A or D residues, in which the degree
of polymerization will be DP = n + 1. By having HONO in excess or limited amounts, AnM or
DnM are obtained, respectively. Because A residues remain unaffected, the reaction is first or-
der with respect to the concentrations of HONO and D residues, where the molar ratio of HONO
to deamination is 1:1(3). The rate of depolymerization is independent of the molecular weight,
thus the degree of scission (Æ) is governed by the HONO concentration and FD.

The mechanism for HONO degradation of chitosan is presented in Figure 2.2.3, where the main
and alternative path comprise four and five steps, respectively. Nevertheless, the first two steps
are shared. First, an unstable N-nitrosamine is formed due to the amino group of a D residue
being attacked by an acidium ion (NH2O +

2 ), which is the result of protonated HONO. Subse-
quently, N-nitrosamine rearranges to form an unstable diazonium ion, releasing water. In the
main path, the release of nitrogen by heterolysis results in a carbonium ion that is attacked by
the ring oxygen. Further, the formation of a furanose with a pending aldehyde at C1 and the
breaking of the glycosidic bond occur simultaneously, resulting in an M residue at the new re-
ducing end(49;9;34). For the alternative deamination mechanism, the carbonium ion is attacked
by C4 forming a furanose residue with the pending aldehyde at C2. However, the glycosidic
linkage is not cleaved in this step, but can undergo acid hydrolysis to from the new reducing
end(49;9;34).

The M-unit has been proven to make the oligomers particularly reactive due to its pending alde-
hyde(43), compared to the pyranose reducing end residues. This property has exploited in end-
functionalization of precursors for chitin- and chitosan containing diblocks(43;22;12). There are
no by-products of nitrous acid depolymerization, however, if the M residue degrades, it forms
5-hydroxymethyl-2-furfural (HMF) when the pending aldehyde reacts with the unprotonated
amino group of a D residue. HMF is a common by-product of Millard browning. This reaction
occurs when the pH > pKa, and forms a Schiff base. Further, acid catalyzed elimination remove
water and the chain is cleaved, resulting in HMF and a normal reducing end (A or D). This illus-
trates the pH-dependency of the M residue degradation, which can be avoided by maintaining
a low pH.(43).
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Figure 2.2.2: Chemical structures of nitrous acid depolymerized chitosan (AnM and DnM) and 2,5-anhydro-D-
mannose (M).

Figure 2.2.3: The main reaction shows the mechanism for nitrous acid (HONO) depolymerization of chitosan,
while the alternative reaction shows the deamination mechanism resulting in chain scission follow-
ing acid hydrolysis (21).
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2.2.4 Biomedical applications

Because chitosan and chitin are biocompatible, biodegradable, non-toxic as well as renewable,
they are of high interest within various fields such as biomedicine, material science, and food
and nutrition. The applications of chitin are often limited by its low solubility in water, whereas
chitosan is soluble under acidic conditions. However, high-molecular weight chitosan has a
high viscosity in dilute acidic conditions. CHOS show increased water-solubility for both chitin
and chitosan, hence being of increased interest.

Chitin- and chitosan based materials have been explored as substitutes within tissue engineer-
ing due to their antibacterial and antifungal properties. Vandevord et al. (44) studied the biocom-
patibility of chitosan scaffolding in mice. They found that although there was a large migration
of neutrophils into the implantation area, there were minimal signs of inflammatory reactions
to the material itself. Further, a novel asymmetric chitosan membrane was designed by Mi et
al. (20) for wound dressing, showing an increased healing rate as well as a reduction in scar tissue
formation. There are also studies exploring the use of chitosan for controlled drug release(5),
such as anticancer and antimetastasis agents(13;28). Here, bioactive molecules were associated
to chitosan through various mechanisms, including ionic- and chemical crosslinking and ionic
complexation, forming colloidal particles(28). As for gene therapy, the polycationic nature of
chitosan results in DNA condensation, whereby genes of interest can be transferred to target
cells(42).

2.3 Reductive amination by oxime click reactions(14)

Reductive amination is a chemical process in which aldehydes react with amines, oxy-amines
or hydrazides to form imines, oximes and hydrazones, also referred to as Schiff bases. Subse-
quently, these bases are irreversibly reduced to stable, secondary amines by a selective reducing
agent(23), as shown in Figure 2.3.1. Reductive amination is acid-catalyzed, protonating the car-
bonyl oxygen of the aldehyde, and making it susceptible to a nucleophilic attack by the amine.
Elimination of water results in the formation of imine in a mixture of (E) and (Z) isomers. An
(E)-isomer is defined as two groups of high priority being attached to opposite sides of the C-N
double bond, while a (Z)-isomer have the groups on the same side(38). The tautomeric mixture
is also in equilibrium with cyclic N-glucosides(23). An exception to this, is reductive amina-
tion with nitrous acid degraded chitin or chitosan oligomers, where only (E)/(Z)-oximes are
formed(21).

Oxime click reactions take advantage of the high nucleophilicity of oxiamines compared to
amines, as they conjugate efficiently to the reducing end of carbohydrates(23). Here, oximes are
reversibly formed by reacting an aldehyde with an aminooxy group, resulting in a tautomeric
mixture of (E)/(Z)-oximes, as well as N-pyranosides. Due to the low basicity of oxyamines,
oximes can be formed under mildly acidic conditions, making them suitable for conditions
where high molecular weight polymers are soluble. They also increase the hydrolytic stability
of the formed oximes(27).
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Figure 2.3.1: Reductive amination of a free aldehyde at the reducing end of glucose (used as an example). The
aldehyde reacts with an amine-group forming Schiff bases in an (E)/(Z)-conformation mixture, in
equilibrium with cyclic N-glycosides. Subsequent reduction form stable secondary amines (23).

2.3.1 O,O’-1,3-propanediylbishydroxylamine (PDHA) as a linker

O,O’-1,3-propanediylbishydroxylamine (PDHA), visualized in Figure 2.3.2a, is a symmetrical
molecule with reactive oxyamine groups at both ends of a three-carbon backbone, making it
ideal for cross-linking oligosaccharides. It has previously been used to activate chitooligosac-
charides in preparation of chitin-b-dextran diblocks(22;23). The terminal amino groups has a
pKa of 4.2, rendering PDHA positively charged at pH values under this. (23).

2.3.2 Æ-picoline boran (PB) as a reducing agent

In order to convert imines formed during conjugation into stable secondary amines, a reducing
agent is required. It is important that the reducing agent has a high selectivity towards the
imines. Æ-picoline boran (PB), shown in Figure 2.3.2b, is an aromatic reducing agent that is
relatively new in the use of reductive amination of polysaccharides. It is a less hazardous and
more sustainable choice to more traditional reducing agents such as sodium cyanoborohydride
(NaBH3CN)(6). PB is applicable in different solvents, including water; is stable up to 150°C; has
a high selectivity and low cost; and most importantly, generates no toxic waste(6). This makes
PB very beneficial for reactions involving polysaccharides.

(a) (b)

Figure 2.3.2: The chemical structure of O,O’-1,3-propanediylbishydroxylamine (PDHA) and Æ-picoline boran
(PB), shown in (a) and (b) respectively.
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2.4 Analytical methods

2.4.1 Size-Exclusion Chromatography (SEC)

This section highlights the main principles of SEC, in which the full text can be found in my
specialization project(14).

Size-exclusion chromatography (SEC) is a type of high pressure liquid chromatography (HPLC)
technique, in which molecules are separated according to their hydrodynamic volume when
passing through a stationary phase of uniform porous particles(15). The principles of SEC are vi-
sualized in Figure 2.4.1. Separation is achieved due to differential pore permeation, where low-
molecular-weight components penetrate into the pores, while high-molecular-weight com-
pounds are too large to elute in the void volume of the column, V0, thus having a shorter re-
tention time.

SEC is a relative Mw-technique, so it is important to calibrate the columns with an appropriate
polymer standard of known molecular weight, such as dextran or polystyrene. The separation
quality is affected by the column length, choice of material and the flow rate of the mobile phase
through the system, and it can be improved by having multiple columns connected in series(24).
The most common signal detectors are refractive index, UV or fluorescence detectors, in which
the data is plotted against the elusion volume or retention time, creating a chromatogram.

Figure 2.4.1: The principles of size-exclusion chromatography (SEC) that allows molecules to be separated by hy-
drodynamic volume. A sample solution is passed through a stationary phase of porous particles (A)
where small molecules will enter the pores, thus having a greater retention time than large molecules,
which elute in the void volume (B). This allows for a chromatogram to display the retention time and
visualize the separation (C) (50;14)
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2.4.2 High-performance anion-exchange chromatography with pulsed am-
perometric detection (HPAEC-PAD)

High-performance anion-exchange chromatography with pulsed amperometric detection (HPAEC-
PAD), is a form of HPLC, just like SEC. However, it is an improved chromatographic technique
for carbohydrate separation that takes advantage of their weakly acidic nature(31). It allows
for direct quantification of non-derivatized polysaccharides at low concentrations and high
pH, with minimal preparation and cleanup necessary(19). The high specificity towards carbo-
hydrates is due to the pulsed amperometry only detecting compounds containing oxidizable
functional groups at the detection voltage. Furthermore, neutral or cationic components elute
in (or close to) the void volume, thus do not interfere with the analysis(31).

Ion-exchange chromatography separates ionic and polar compounds using columns contain-
ing positively or negatively charged functional groups opposite of the analytes. Thus anion-
exchange columns, separating anions, are derivatized with positively charged functional groups,
and visa versa for cation-exchange columns. The technique has been widely used when analyz-
ing mono- and oligosaccharides, as well as amino acids, nucleotides, organic acids, and other
polar molecules(32). Analyte ions and eluent ions compete to bind to the surface of the station-
ary phase, thus separation occurs due to the repeated adsorption and desorption by the analyte
and eluent ions, respectively.

PAD is a powerful detection method that requires no sample derivatization. At high pH, polysac-
charides are electrocatalytically oxidized at the surface of a gold electrode by applying a positive
potential, in which the current is proportional to the polysaccharide concentration(10). Sodium
hydroxide (NaOH) is typically used as the eluent. When a single potential is applied to the elec-
trode, oxidation product cause electrode fouling resulting in a loss of analyte signal. A series of
potentials that are applied for fixed time periods, called a waveform, is used to clean and restore
the electrode surface for subsequent detection(32). Several waveforms are used when analyzing
different molecules in order to increase detection sensitivity and reduce sensitivity to baseline
drift, dissolved oxygen and loss of electrode surface. An Ag/AgCl reference electrode is usually
used as a half electrode(10).



2.4. ANALYTICAL METHODS 21

2.4.3 Proton nuclear magnetic resonance (1H-NMR) spectroscopy

This section is a summary of the main principles of 1H-NMR spectroscopy, where the full text
can be found in my specialization project(14).

Nuclear magnetic resonance (NMR) spectroscopy is a non-destructive analysis method used to
elucidate both composition and structure of organic compounds. When in a magnetic field,
under appropriate conditions, a sample can absorb electromagnetic radiation due to the mag-
netic properties of nuclei. The quantum spin number, I , determines the number of orientations
a nucleus may have in an external magnetic field, and may have values of 0, 1/2, 1, 3/2 etc. with
0 representing no spin. It is dependent on both the atomic mass and number of the nuclei. One
of the most widely used nuclei is 1H, which has an I equal to 1/2. Following Equation (2.4.1),
there are two possible energy states, one upper and one lower(36).

Number of orientations = 2I +1 (2.4.1)

When the 1H nuclei is excited to a higher energy state, radiation is absorbed and released when
they return to equilibrium. This release of radiation is recorded as resonance signals, provid-
ing a spectrum of chemical shifts, ±, in ppm (10°6) for the respective protons. Electrons have a
shielding effect on protons, thus resulting in various chemical shifts depending on the electron
density around the protons(36). Spin-spin coupling is a phenomenon where intervening bond-
ing electrons cause peak splitting. Here, the state of an individual spin in a pair is affecting the
energy associated with the other spin, thus the resonance frequency is altered. The peak will
then appear as a doublet. If there are coupling between several proton spins, multiple peaks
will appear. However, their chemical shift will be in the center between the peaks. Where there
is no coupling, equivalent protons appear as a single peak, called a singlet(36).

1H-NMR spectra and chemical shifts for CHOS

1H-NMR is frequently used to characterize polysaccharides, despite the clustering of proton
resonances around 3.4-4.0 ppm. It shows the anomeric protons in Æ- and Ø-configur-ations in
the chemical shifts 5.1-5.8 ppm and 4.3-4.8 respectively(51). Based on the intensities of the peak
integrals of the H1 reducing end and H1 non-reducing end, the degree of polymerization (DP)
can be determined, as described by Equation (2.4.2).

DP = H1, non-reducing end
H1, reducing end

(2.4.2)

1H-NMR characterization for CHOS and nitrous acid depolymerized CHOS have previously
been done(43;40), in which the chemical shifts for proton resonances of the trisaccharides AAA,
DDD, AAM and DDM are presented in Table 2.4.1. 1H-NMR spectra of AA and DD are presented
in Figure 2.4.2, while spectra of AAM and DDDM are shown in Figure 2.4.3.
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Table 2.4.1: Chemical shifts for proton resonances of chitin (fully N-acetylated, AAA) and chitosan (fully de-N-
acetylated, DDD) (40), and AAM and DDM obtained by nitrous acid degradation of chitin and chitosan,
respectively (43). All samples were dissolved in D2O and chemical shifts were reported as ppm from TSP.
AAM and DDM were characterized at 25°C, pH* 5.0 and 43°C, pH* 5.7, respectively.

Residue H1 H2 H3 H4 H5 H6a H6b CH3, Ac

A (Æ) 5.20 3.86 3.88 3.63 3.89 3.68 3.80 2.05
A (Ø) 4.72 3.69 3.66 3.62 3.52 3.67 3.84 2.05
A (non-reducing) 4.60 3.75 3.58 3.47 3.48 3.73 3.92 2.07
A (internal) 4.60 3.79 3.74 3.65 3.56 3.66 3.85 2.07

D (Æ) 5.44 3.34 4.03 3.88 4.04 3.77 3.84 -
D (Ø) 4.96 3.03 3.86 3.71 3.88 3.75 3.94 -
D (non-reducing) 4.84 3.12 3.69 3.49 3.55 3.76 3.95 -
D (internal) 4.87 3.16 3.88 3.74 3.94 3.76 3.95 -

M (AAM) 5.01 3.76 4.35 4.13 3.98 3.43 3.49 -
M (DDM) 5.09 3.84 4.44 4.22 4.13 n.d n.d -
Schiff base (DDM) 7.93-7.97 - - - - - - -

Figure 2.4.2: 1H-NMR spectra of (a) AA and (b) DD in D2O. The spectra are obtained from the PhD thesis of Ingrid
V. Mo (21).
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Figure 2.4.3: 1H-NMR spectra (600 MHz, RT, D2O) of (a) AAM and (b) DDDM (pH* 6.0). The spectra are obtained
from Mina Gravdahl and Ingrid V. Mo, respectively (12;21).
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3.1 Materials

High molecular weight chitosan (FA = 0.002 and FA = 0.48) were obtained from an in-house
sample and Advanced Biopolymers AS(1), respectively. O,O’-1,3-propanediylbis-hydroxylamine
(PDHA) and Æ-picoline boran (PB) were purchased from Sigma-Aldrich. All other chemicals
were obtained from commercial sources and were of analytical grade. Centricon Plus-70 cen-
trifugal filter devices were obtained from Millipore.

3.2 SEC fractionation

3.2.1 System 1: small scale fractionation

For small-scale fractionation, a system comprising three Superdex 30 columns (HiLoad 26/60,
GE Healthcare Bio-Science) in series, eluting NaAc or AmAc buffer (0.1 M or 0.15 M, pH 4.5, 0.8
mL/min) was utilized. Samples (4-200 mg) were dissolved in buffer (5 mL) and filtered (0.45
µm) before being injected into the system. A refractive index (RI) detector (Shodex RI-101) was
used to monitor the separation, and fractions were collected by a fraction collector (LKB 2211
SuperRac), and pooled according to elusion times. Fractions were dialyzed (MWCO = 100-500
Da or 3.5 kDa) against MQ-water until measured conductivity was < 2 µS/cm and freeze-dried.

3.2.2 System 2: large-scale fractionation

Large-scale fractionation was obtained using a system composed of two Superdex 30 columns
(BPG 140/950, GE Healthcare Bio-Science) in series. The mobile phase was AmAc buffer (0.15
M, pH 4.5), with a flow rate of 20 mL/min. Samples (3-10 g) were filtered (0.7 µm) prior to
injection. To monitor the separation, the same RI detector from system 1 was utilized. Fractions
were collected using a fraction collector (SuperFrac, Amersham Bioscience), pooled according
to elusion times and either purified by dialysis (MWCO = 3.5 kDa), freeze-drying or centrifugal
filtration (MWCO = 3.0 kDa), the latter being further described in Section 3.4.

24
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3.3 HPAEC-PAD analysis

All HPAEC-PAD analyses were performed on a Dionex ICS 5000+ system (Thermo Scientific)
with a 4x250 mm IonPac ASA4 main column and 4x50 mm AG4A guard column, by Senior En-
gineer Olav A. Aarstad (Department of Biotechnology, NTNU).

3.3.1 Alginate and hyaluronic acid oligomers

Samples of G7, G19 and acid hydrolyzed HA oligomers were eluted at 24°C with isocratic NaOH
(0.1 M) and a linear NaAc gradient (8.75 mM/min) for 100 minutes, with a flow rate of 1 mL/min.
Further, a 15 minute equilibration step with NaOH (0.1 M) and NaAC (10 mM) was included.
Samples were dissolved in MQ water to a concentration of 0.2 - 1 mg/mL before injection (25
µL). Partially acid hydrolyzed polyM (FG = 0.0) and G block(FG = 0.94) were used as standards.
Waveform A (Gold-Ag-AgCl Re, Carbo, quad) was used for detection, and data were collected
and processed with Chromeleon (Thermo Scientific) 7.2 software.

3.3.2 Dextran and Ø(1,3)-glucan oligomers

Samples of Dext34 and acid hydrolyzed SBG were eluted at 24°C with isocratic NaOH (0.1 M)
and a linear NaAc gradient (10-610 mM/min and 10-260 mM/min for dextran and SBG, respec-
tively) for 90 minutes, where the flow rate was 1 mL/min. Further, a 15 minute equilibration
step with NaOH (0.1 M) and NaAC (10 mM) was included. Like alginate and HA, samples were
dissolved in MQ water to a concentration of 0.2 - 1 mg/mL before injection (25 µL). Here, a mix-
ture of SBG with DP 2-6 was used as standards. Waveform A (Gold-Ag-AgCl Re, Carbo, quad)
was used for detection, and data were collected and processed with Chromeleon (Thermo Sci-
entific) 7.2 software.

3.4 Centrifugal filtration

Centrifugal filtration is commonly used in protein recovery for purifying and concentrating so-
lutions, and was explored as an alternative to dialysis and evaporation. This was done in col-
laboration with fellow Master’s students Celine E. Eidhammer and Victor Zylla Fæsther. Small-
scale testing (10 mL) was done using two different membrane materials, regenerated cellulose
(Amicon ultra-15) and polyethersulfone, PES (Sartorius, Vivaspin 20), where the MWCO was 3
kDa for both. Samples (1 mg/mL) of hyaluronic acid (HA, DP = 10), Ø(1,3)-glucan (SBG, DP =
10), Dext34 and alginate G-blocks (DP = 7 and 20) were centrifuged (3500-4000 rcf, 25-70 min).
In order to study the MWCOs, samples prior to and after filtration were analyzed using HPAEC-
PAD as described in Section 3.3.
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Large-scale filtration was used when purifying SEC fractions from system 2. Here, Centricon®

Plus-70 centrifugal filters (Millipore, MWCO = 3 kDa) were used. The basic principles are visu-
alized in Figure 3.4.1. Fractions were concentrated from 70 mL to 1 mL, diluted with MQ-water
(10 mL) to further remove salt, and centrifuged (3500 rcf, 40 and 10 min for concentration and
desalting, respectively). When recovering samples from the filter cup, a concentrate cup was
used to spin them down (1000 rcf, 2 min). All centrifugation was done using an Allegra X-15R
(Beckman Coulter) centrifuge equipped with a SX4750A rotor.

Figure 3.4.1: The principles of centrifugal filtration using Centricon® Plus-70 centrifugal filters (MWCO = 3 kDa,
Millipore) (35)

3.5 Characterization by 1H-NMR spectroscopy

For 1H-NMR characterization, samples (2-5 mg) were dissolved in D2O (475-500 µL) and trans-
ferred to 5mm NMR tubes. The NMR experiments were carried out on a Bruker Ascend NEO 600
MHz spectrometer (Bruker BioSpin AG, Fällanden, Switzerland) equipped with Avance III HD
electronics, and a 5 mm Z-gradient CP-TCI cryogenic probe. Characterization was performed
by obtaining 1D 1H-NMR spectra at RT. TopSpin 4.1.3 software (Bruker BioSpin) was used to
record, process and analyze all of the spectra.
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3.6 Preparation of AnM -and DnM oligomers

The protocols for AnM and DnM preparation were obtained from the PhD thesis of Ingrid V.
Mo(21) and Master’s thesis of Mina Gravdahl(12), respectively. Based on these a method for up-
scaling AnM oligomers was explored. Chitosan (FA = 0.48, 20 g and FA < 0.002, 800 mg for AnM
and DnM, respectively, 20 mg/mL) were dissolved in degassed MQ water containing AcOH (2.5
vol%) for 15-20 min using N2, and left on a magnetic stirrer overnight at RT. The polymer so-
lutions were then cooled to 4°C. Freshly prepared and degassed NaNO2 solutions (1.3 and 0.25
molar ratio to D-units for AnM and DnM, respectively, 20 mg/mL) were cooled to 4°C before
mixing, and left on a magnetic stirrer overnight in the dark.

The AnM degradation mixture was centrifuged using a Thermo Scientific Sorvall Lynx 6000 cen-
trifuge (10 000 rcf, 10 min). The pellet was washed with AcOH (2.5 vol%) three times to remove
insoluble chitin oligomers. The supernatant, containing water-soluble chitin oligomers, was
filtered (2.7 and 0.7 µm), fractionated using SEC system 2 and purified, as described in Section
3.2.2.

The DnM degradation mixture was directly freeze-dried and dissolved in buffer (20 mg/ mL,
0.1 M NaAc, pH 4.5) prior to SEC fractionation using system 1. NaAc was removed by dialysis
(MWCO = 3.5 kDa) against pH-adjusted (pH 4.5) and normal MQ-water until the conductivity
was < 2 µS/cm. Selected fractions of both AnM and DnM were freeze-dried and characterized
by 1H-NMR spectroscopy as explained in Section 3.5.

3.7 Preparation of PDHA-activated AnM

A4M (20.5 mM) was conjugated with 10x PDHA (205) in NaAc buffer (pH 4.0, RT) for 5 hours be-
fore reduction with 20x PB (410 mM) for 48h at 40°C. The reduction was terminated by dialysis
(MWCO = 500-1000 Da and 3.5 kDa) against NaCl (0.05 M) until the remaining PB was removed,
followed by MQ-water until the conductivity was < 2µS/cm. Subsequently, the reaction mixture
was fractionated using SEC system 1, freeze-dried and characterized by 1H-NMR spectroscopy.

3.8 Preparation of A4M-b-MD5 diblocks

For diblock preparation, A4M-PDHA and an in-house D5M sample, prepared by Jesper E. Ped-
ersen (Department of Biotechnology, NTNU), were conjugated in equimolar ratios (8.0 mM)
in NaAc buffer (pH 4.0, RT) for 5 hours. Subsequently, conjugates were reduced with 20x PB
(160 mM) at 40°C for 48h and dialyzed (MWCO = 3.5 kDa) against NaCl (0.05 M) until PB was
dissolved, followed by MQ water until the conductivity was < 2µS/cm. Reacted and unreacted
products were separated using SEC system 1, purified by dialysis and freeze-dried for further
1H-NMR characterization.
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Preparation of chitin-b-chitosan diblocks consisted of three main parts, illustrated in Figure
4.0.1. In the first part, AnM and DnM oligomers were obtained by nitrous acid degradation, frac-
tionated by SEC, purified, and characterized by 1H-NMR. Here, the protocol for AnM oligomers
developed by Mo et al. was used. DnM preparation was done in collaboration with Master’s stu-
dent Celine E. Eidhammer, following a protocol developed by Gravdahl et al.. In part two, A4M
oligomers were activated with PDHA, reduced with PB, purified and characterized. Part three
comprised attaching D5M to A4M-PDHA, resulting in A4M-PDHA-MD5 diblocks. Additionally,
a method for upscaling oligomer preparation was developed in collaboration with Celine E. Ei-
dhammer and Victor Zylla Fæster. Here, centrifugal filtration was explored as a time-saving
alternative to evaporation and dialysis for sample concentration and desalting, respectively.

Figure 4.0.1: Overview of the preparation of chitin-b-chitosan diblocks.

28
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4.1 Upscaling AnM oligomers

4.1.1 Large-scale SEC fractionation

AnM oligomers were prepared as previously described by Mo et al. (22), where chitosan (FA = 0.48,
20 mg/mL) was degraded by nitrous acid (1.3 x D-units). For upscaling purposes, the degra-
dation mixture was fractionated using a high-capacity SEC system (two Superdex 30 columns
(BPG 140/950, GE Healthcare Bio-Science) in series). Figure 4.1.1a and 4.1.1b show SEC chro-
matograms of large-scale and small-scale fractionation, respectively. The latter figure is in-
cluded for comparison, and was acquired from the PhD thesis of Ingrid V. Mo(21). Both chro-
matograms show the same distinct separation pattern, although at different elution times. How-
ever, the elution rate is constant, making a comparison possible. Further, the separation near
the salt peak in Figure 4.1.1a is more defined than in Figure 4.1.1b. 1H-NMR characterization
showed that the DP distribution of Figure 4.1.1a was in accordance with Figure 4.1.1b, indicat-
ing that the protocol is reproducible at a larger scale.

(a) (b)

Figure 4.1.1: SEC chromatograms of AnM oligomers using (a) large-scale fractionation (two Superdex 30 columns
(BPG 140/950) in series) and (b) small-scale fractionation. Figure (b) is acquired from the PhD thesis
of Ingrid V. Mo (21), and is included for comparison.

4.1.2 Desalting by centrifugal filtration

Centrifugal filtration was explored as a time-saving alternative to dialysis and evaporation when
purifying large SEC fraction volumes. First, small-scale testing was done using two different
membrane materials: regenerated cellulose and polyethersulfone (PES), where the MWCOs
were 3 kDa. A selection of polymer samples (1 mg/mL) with known dialysis characteristics was
tested, which comprised hyaluronic acid (HA, DP 10), Ø(1,3)-glucan (SBG, DP 10), alginate G-
blocks (DP 7 and 20) and dextran (Dext, DP 34). To study the actual MWCO of the membrane
materials, each sample was analyzed by HPAEC-PAD, where the chromatograms are shown in
Figures A.1-A.5.
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Unfortunately, chitin and chitosan are incompatible with HPAEC-PAD, thus the MWCO could
not be analyzed directly for these polymers. For all the samples, there were no visible differ-
ence in the chromatograms between the retentate and the unfiltered sample, indicating that
oligomers as short as dimers were withheld by the filters. Table 4.1.1 shows the membrane per-
formances measured by their filtration rate from 10 mL to 0.5 mL. Here, regenerated cellulose
was faster and more consistent than PES, hence the material of choice for large-scale filtration.

Table 4.1.1: Small-scale centrifugal filtration using regenerated cellulose and polyethersulfone (PES) membrane
materials (MWCO = 3 kDa). The filtration rates of hyaluronic acid (HA, DP 10), Ø(1,3)-glucan (SBG,
DP 10), alginate G-blocks (DP 7 and 20) and dextran (Dext, DP 34) (1 mg/mL, 4000 rcf, RT) for the
membrane materials are presented.

Polymer PES membrane Cellulose membrane
filtration rate [mL/min] filtration rate [mL/min]

HA 0.2 0.38
SBG 0.17 0.38
G7 0.14 0.38
G20 0.24 0.35
Dext34 0.27 0.38

Based on the successful small-scale testing, large-scale centrifugal filtration was carried out
using Centricon Plus-70 centrifugal filters (MWCO = 3 kDa), in which the purification yields
are summarized in Table 4.1.2. Here, the purification method proved unsuccessful for A2M,
A4M and A9M, with yields ranging from only 1-11%. In comparison, purification of A4M by
freeze-drying resulted in a yield of 58%. Purification of SBG proved to be difficult, as the high
concentration factor resulted in precipitation. Further, HPAEC-PAD analysis of the SBG filtrate,
presented in Figure 4.1.2, showed visible amounts of oligomers with a DP < 10. This contradicts
the findings for small-scale testing. However, centrifugal filtration was successful in purifying
G19-b-Dext45 / Dext45-PDHA, with a yield of 88%. The results for SBG and alginate were kindly
provided by Celine E. Eidhammer and Victor Zylla Fæsther, respectively.

Figure 4.1.2: HPAEC-PAD chromatographs of the retentate and filtrate of purified acid hydrolyzed Ø(1,3)-glucan
(SBG, DP 10, 1 mg/mL) using centrifugal filtration (Centricon Plus-70 centrifugal filters, MWCO = 3
kDa, Millipore). The results are kindly provided by Celine E. Eidhammer.
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Table 4.1.2: Yields of AnM oligomers and a G19-b-Dext45 diblock purified by centrifugal filtration using Centricon
Plus-70 centrifugal filters (MWCO = 3 kDa, Millipore). The diblock results were kindly provided by
Victor Zylla Fæsther.

Polymer DP Yield [%]

3 1
AnM 5 6

10 11

G19-b-Dext45 / Dext45-PDHA 66 88

4.1.3 Characterization by 1H-NMR

The DP of the oligomers from the SEC chromatogram in Figure 4.1.1a was confirmed by 1H-
NMR characterization, where Figure 4.1.3a and Figure 4.1.3b show 1H-NMR spectra of A4M
purified by centrifugal filtration and freeze-drying, respectively. For both spectra, resonances
for H1-A were observed at 4.45-4.52 ppm, while H1-M had a signal at 4.93 ppm. Minor reso-
nances at 5.05 ppm were assigned to be alternative forms of the M residue, H1-M’(22). As seen
by the difference in peak size, there was some loss of M residue during the freeze-drying pro-
cess. Moreover, an unidentified peak at 4.91 ppm was present in the spectrum for centrifugal
filtration, thus assumed to be a contaminant.

Figure 4.1.3: 1H-NMR spectra (600MHz, RT, D2O) of A4M purified by (a) centrifugal filtration and (b) freeze-drying.
The spectra are annotated according to literature (22;43), with the exception of M”, which refers to an
unidentified form of M.
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4.2 DnM oligomers

4.2.1 Preparation and fractionation

The protocol for DnM oligomers developed by Gravdahl et al. (12) was reproduced. Here, DnM
oligomers obtained by HONO degradation (0.25 x D-units) of chitosan (FA< 0.002, 20 mg/mL)
were separated using small-scale SEC fractionation (0.1 M NaAc, pH 4.5), resulting in the chro-
matogram shown in Figure 4.2.1a. Figure 4.2.1b is a chromatogram acquired from the Master’s
thesis of Mina Gravdahl(12), and is included for comparison. Here, AmAc (0.15 M, pH 4.5) was
used as the mobile phase for DnM fractionation. The separation was almost identical for the
two conditions, indicating that NaAc is a good alternative to AmAc. Due to the protocol and
separation for DnM oligomers being the same, the DP range was assumed to correspond with
each other. The yields of purified DnM oligomers of DP 3-15 are presented in Table 4.2.1, along
with the estimated yields based on integration of the SEC chromatogram. Here, significant loss
of recovery can be seen, with the majority of yields being < 10%. DnM with DP 12-15 had yields
of 13-24%.

(a) (b)

Figure 4.2.1: SEC chromatograms of DnM oligomers using SEC-system 1 (three Superdex 30 columns in series
(HiLoad 26/60)) eluting (a) NaAc buffer (0.1 M, pH 4.5, 0.8 mL/min) and (b) AmAc buffer (0.15 M, pH
4.5, 0.8 mL/min). Figure (b) is acquired from the Master’s thesis of Mina Gravdahl (12) and is included
for comparison.

Table 4.2.1: Yields of purified DnM oligomers obtained by HONO degradation (0.25 x D-units) of chitosan (20
mg/mL, FA < 0.002 ). The estimated mass is based on integration of the SEC chromatogram in Fig-
ure 4.2.1a.

DP 3 4 5 6 7 8 9 10 11 12 13 14 15

Total mass [mg] 1.2 1.2 1.6 3.0 3.5 2.4 1.9 3.1 2.1 3.9 4.5 5.3 2.5
Estimated mass [mg] 38 55 54 48 50 46 41 37 31 28 25 22 19
Yield [%] 3 2 3 6 7 5 5 8 7 14 18 24 13
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4.2.2 Protocol discrepancies

Due to poor recovery of DnM, a second batch was prepared following the protocol described in
Section 3.6, but with a difference in how chitosan was dissolved. Here, AcOH (100 vol%) was
added after chitosan to a final concentration of 2.5 vol%, instead of chitosan being dissolved in
AcOH (2.5 vol%) directly. Figure C.1 illustrates the protocol for the batches, along with a control
batch. Prior to degradation, batch 2 was visibly less viscous than batch 1 and the control batch,
indicating a fundamental difference. The SEC chromatograms for batch 1, 2 and the control
are presented in Figure C.2, where it can be seen that batch 2 is fully degraded compared to the
others, which was unexpected.

4.2.3 Characterization by 1H-NMR

The fraction corresponding to DP 6 in Figure 4.2.1a was further characterized by 1H-NMR, and
is shown in Figure 4.2.2. Resonance signal for H1-M is observed at 5.0 ppm, with minor reso-
nances at 5.1 ppm arising from H1-M’. Self-branching by Schiff base reaction during the freeze-
drying process is observed at 7.9 ppm. Further, loss of M-unit is seen by resonance signals
at 5.3 and 4.9 ppm corresponding to H1-Æ and H1-Ø, respectively, at the reducing end of D.
The H2-D internal residues can be observed at 2.72 ppm. An unknown signal at 4.5 ppm was
also observed. Minor resonance signals at 4.3 and 4.1 ppm correspond to H3-M and H4-M,
respectively. Notably, peaks at 3.57 and 3.47 ppm indicate the presence of glycerol, whereas sig-
nals at 1.24 and 4.1 ppm correspond to isopropanol. 1H-NMR spectra of the contaminants are
presented in greater detail in Figure B.1. The chemical shift of H5-M is overlapped by the CH
resonance signal from isopropanol, as it would be observed at 4.0-4.1 ppm. Table 4.2.2 shows
the yield of chitosan oligomers with M- or D-residue at the reducing end, as well as Schiff base
conversion for D5M and D10M. The yields were obtained by peak integration of the 1H-NMR
spectra presented in Figure B.2.

Figure 4.2.2: 1H-NMR spectra (600MHz, RT, D2O) of D5M (fraction with assumed DP 6 in the chromatogram
shown in Figure 4.2.1a). The spectrum is annotated according to literature (43).
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Table 4.2.2: Yield of chitosan oligomers with M- or D-residue at the reducing end, and yield of Schiff bases. The
yields were obtained by peak integration of 1H-NMR spectra for D5M and D10M shown in Figure B.2.

M at the reducing end [%] D at the reducing end [%] Schiff base [%]

D5M 49 12 39
D10M 45 11 38

4.3 PDHA-activated AnM oligomers

4.3.1 Preparation and fractionation

The second step in chitin-b-chitosan diblock preparation involved activating A4M (20.5 mM)
with PDHA (205 mM, 5 hours, RT) and reducing with PB (410 mM, 48 hours, 40°C), before
subsequent purification and characterization. Three batches were prepared due to insufficient
amounts of product, using A4M purified by freeze-drying, and are summarized in Table 4.3.1.
Batch 1 and 2 were dialyzed with a MWCO = 3.5 kDa, resulting in conjugate mixture yields
of 2.9% and 1.5%, respectively. Based on these results, batch 3 was dialyzed using a MWCO
= 500-1000 Da, resulting in a yield of 78.9%. Further, the A4M-PDHA reaction mixture from
batch 3 was fractionated by small-scale SEC fractionation (0.1 M NaAc, pH 4.5), in which the
chromatogram is presented in Figure 4.3.1. Here, there are two main peaks consisting of a few
smaller peaks. This is considerably different than previously reported in literature, and may in-
dicate contaminants. The dotted lines indicate the fraction that was pooled for further 1H-NMR
characterization.

Figure 4.3.1: SEC chromatogram of A4M-PDHA conjugates using SEC-system 1 eluting NaAc buffer (0.1 M, pH 4.5),
where the dotted lines indicate the fraction that was further analyzed.
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Table 4.3.1: Preparation of A4M-PDHA conjugates by conjugating A4M to PDHA, reducing with PB and purifying
by dialysis. Yield corresponds to the A4M-PDHA reaction mixture prior to fractionation.

Batch A4M [mM] PDHA [mM] PB [mM] MWCO [Da] Yield [%]

1 10.3 103 206 3500 2.9
2 20.5 205 410 3500 1.5
3 20.5 205 410 500-1000 78.5

4.3.2 Characterization by1H-NMR

Purified A4M-PDHA was characterized by 1H-NMR and compared to A4M, as shown in Figure
4.3.2. Conjugation proved successful as seen by the resonance signals at 2.92 and 3.04 ppm
confirming secondary amines. An unidentified peak can be seen at 1.83 ppm and is assumed
to be a contaminant. The acetyl resonance signal overlap the CH2 signal from PDHA, where it
would be seen around 2.0 ppm as shown in Figure 2.3.2a. H1-A was observed at 4.45-5.52 ppm,
and minor resonances at 4.93 ppm corresponding to H1-M, confirmed unreacted A4M. This is
likely due to cross-contamination from the smaller neighboring peak around 730 minutes.

Figure 4.3.2: 1H-NMR spectra (600MHz, RT, D2O) of purified (a) A4M and (b) A4M-PDHA (the pooled fraction from
Figure 4.3.1). The spectra are annotated according to literature (22).
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4.4 A4M-b-MD5 diblocks

4.4.1 Preparation and fractionation

The final step in the preparation of a chitin-b-chitosan diblock comprised conjugating A4M-
PDHA and D5M in equimolar ratios (8.0 mM) for 6 hours at RT. Due to insufficient amounts of
DnM oligomers, an in-house sample prepared by Jesper E. Pedersen (Department of Biotech-
nology, NTNU) was used. The subsequent reduction and purification was done as described
for A4M-PDHA, here with a MWCO = 3.5 kDa. Separation of reacted and unreacted products
was done by small-scale SEC fractionation (AmAc, 0.15 M, pH 4.5), in which the resulting chro-
matogram is shown in Figure 4.4.1. Here, the three fractions of 1.0 mg were further character-
ized by 1H-NMR. Due to the peaks being in close proximity to each other, cross-contamination
is highly probable.

Figure 4.4.1: SEC chromatogram of the A4M-PDHA-MD5 diblock reaction mixture. Small-scale SEC fractionation
was used, eluting AmAc buffer (0.15 M, pH 4.5).
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4.4.2 Characterization by 1H-NMR

The 1H-NMR spectra of fraction 1-3 from the chromatogram in Figure 4.4.1 are presented in
Figure 4.4.2. To identify the conjugates, both proton resonance signals and corresponding peak
areas were used. A comparison of expected and actual peak area for the main resonance sig-
nals is shown in Table 4.4.1. H2-D internal residues were confirmed by a resonance signal at
2.67 ppm in all three spectra, and its peak area was set to 5.00 as a reference. In fraction 1 and
2, signals of H1-A was observed at 4.45-4.53 ppm, albeit somewhat obscured by an unknown
peak at 4.42 ppm. Nevertheless, this unknown peak is included in the peak area for H1-A, as the
area would otherwise be too small for a DP of 5. Secondary amines were confirmed by peaks at
2.84-3.0 ppm, thus the conjugation was successful. However, signals at 4.90 ppm confirmed the
presence of H1-M in A4M, so the conjugation was not complete. Moreover, the peak area for
secondary amines was 2.06 and 1.34 for fraction 1 and 2, respectively, which is approximately
half of the expected area. Due to the spectra of fraction 1 and 2 being almost identical, it is be-
lieved that both are diblocks, with fraction 2 being slightly shorter despite the larger combined
peak area.

In fraction 3, the secondary amine resonance signals were more pronounced, as with H1-A,
hence this is believed to be unreacted A4M-PDHA, A4M and D5M. This is also in accordance
with the elution time of A4M-PDHA. The resonance signals for CH2 in PDHA at 2.0 and 4.1 ppm
is believed to be overlapped by the signals for acetyl and M, respectively. A comparison of D5M,
A4M-PDHA and A4M-PDHA-MD5 is shown in Figure 4.4.3. The spectra show that the resonance
signals for H2-D and secondary amines are slightly shifted, which may be due to changes in pH.

Figure 4.4.2: 1H-NMR spectra (600MHz, RT, D2O) of (a) fraction 1, (b) fraction 2 and (c) fraction 3 from the SEC
chromatogram in Figure 4.4.1. The spectrum is annotated according to literature (21;12).
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Table 4.4.1: Expected and actual peak area for the annotated resonance signals in Figure 4.4.2 of the A4M-b-MD5
reaction mixture. *H2,D was set to 5.00 as the integral reference.

Fraction Resonance signal Expected peak area Actual peak area

1

H1, A 4 5.15
H2, D 5 5.00*
H1, M 0 0.40

H1, M secondary amines 4 2.06

2

H1, A < 4 7.24
H2, D 5 5.00*
H1, M 0 0.37

H1, M secondary amines 4 1.34

3

H1, A 4 6.35
H2, D 5 5.00*
H1, M 0 1.34

H1, M secondary amines 1 + 1 0.67 + 1.25

Figure 4.4.3: 1H-NMR spectra (600MHz, RT, D2O) of purified (a) D5M, (b) A4M-PDHA and (c) A4M-b-MD5 (frac-
tion 1 in the SEC chromatogram in Figure 4.4.1). The spectra are annotated according to litera-
ture (21;12).
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To reiterate the scope of this thesis, Figure 1.2.1 is presented once more. The key aspects were
to explore a method for upscaling oligomers, specifically AnM, and prepare and characterize
chitin-b-chitosan diblocks. This also included developing a protocol for said diblock prepara-
tion.

5.1 Upscaling AnM oligomers

A common concern when using broad SEC fractionation is poor separation. However, AnM
preparation using large-scale SEC fractionation proved to be successful when compared to pre-
vious results of a study by Mo et al. (21). As seen in Figure 4.1.1, the SEC separations are almost
identical, and subsequent 1H-NMR characterization confirmed the DP range to be in accor-
dance with the study. The resolution of the separation is accurate enough to pool fractions
of DP 10, albeit being close to the neighboring peak. To remove any cross-contamination in
a fraction, narrow fractionation can be used. These results show the reproducibility of AnM
preparation, in addition to its ability to be upscaled.

When upscaling oligomer preparation, the volume of pooled SEC fractions increase signifi-
cantly (from < 1 L to > 10 L). Thus, current purification methods like evaporation and dialysis
become tedious and time-consuming. Centrifugal filtration is commonly used in protein recov-
ery to purify and concentrate solutions, and there is a variety of filtration devices on the mar-
ket. Larger ones can concentrate and desalt solutions of 70 mL to 0.320 mL in 40 minutes(35),
making this method very attractive for purification of large SEC fractions. To determine if this
approach would be fruitful, small-scale testing on HA, SBG, alginate (G7 and G20) and Dext34
was done using two different membrane materials; regenerated cellulose and PES (MWCO = 3
kDa). Here, the regenerated cellulose membrane had a constant filtration rate of 0.38 mL/min
compared to PES, which varied between 0.14 to 0.27 mL/min.

39



40 CHAPTER 5. DISCUSSION

Thus, regenerated cellulose was the membrane material of choice for further work. HPAEC-PAD
analyses of unfiltered and filtered polymer solutions (HA, SBG, G7, G20 and Dext34) indicated
that oligomers as short as dimers remained in the retentate, as there was no difference between
the two chromatograms. However, during large-scale purification of AnM and SBG oligomers
using Centricon Plus-70 filters (MWCO = 3 kDa), the small-scale results were contradicted. The
purification of A2M, A4M and A9M only yielded 1, 6 and 11%, respectively. Since there was
no visible precipitation or weight difference in the centrifugal filters, it is assumed that AnM
did not remain in the chambers. Further HPAEC-PAD analyses of purified SBG showed that
chromatograms of the retentate and filtrate were almost identical, thus the filtrate contained
oligomers with DP < 10. Due to chitin being inapplicable to HPAEC-PAD analysis, the SBG re-
sults were assumed to be valid for AnM as well. These findings may have been observed earlier,
had the filtrate of each sample from the small-scale testing been analyzed in addition to the
retentate.

Nevertheless, centrifugal filtration proved successful in purifying G19-b-Dext45 diblocks, with
a yield of 88%. This is in accordance with the Centricon Plus-70 data from Millipore, where a
typical concentrate recovery was 87% using cytochrome c (0.25 mg/mL, MWCO = 3 kDa) as a
marker. The main differences between these three polymers were their DP and charge. AnM and
SBG are both neutral polymers, whereas alginate is a polyanion. Whether or not the negative
charge is a contributing factor in the filtration process, remains to be investigated. Based on
the evident yield difference between AnM and alginate, as well as the SBG filtrate result, it is
believed that the majority of oligomers with a DP < 10 pass through the membrane, whereas
oligomers with a DP > 10 remains in the retentate.

5.2 Preparation and characterization of DnM oligomers

A protocol for preparation of DnM oligomers with a high yield of M residue at the reducing
end has been reported by Gravdahl(12), in which they obtained 84% and 87% of purified D4M
and D9M, respectively. This was significantly higher than previous protocols, with yields of
50-70%(12). Thus, when preparing DnM oligomers in this thesis, their protocol was followed.
However, NaAc buffer (0.1 M, pH 4.5) was explored as a new SEC mobile phase instead of AmAc
(0.15 M, pH 4.5), due to ammonium increasing the pH to 8 during freeze-drying, resulting in
self-branching by Schiff base reaction. SEC chromatograms of DnM degradation mixtures us-
ing NaAc -and AmAc buffers (Figures 4.2.1a and 4.2.1b, respectively) were almost identical, in-
dicating that the new buffer is a good alternative to AmAc. However, 1H-NMR of D5M and
D10M confirmed self-branching of 39 and 38%, respectively, despite the change in buffer and
use of dialysis prior to freeze-drying. This indicates that self-branching can occur at pH < pKa
which is lower than previously assumed. These mechanisms are complicated and susceptible
to changes which are yet to be understood, and should be further investigated. Moreover, the
yield of M at the reducing end was 49 and 45% for D5M and D10M, which is significantly lower
than previously reported.
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Despite being purified by dialysis, the 1H-NMR spectrum of D5M showed the sample was con-
taminated by glycerol and isopropanol (Figure B.1). Cross-contamination during freeze-drying
has been known to happen, however, not to this extent. To our knowledge, isopropanol was
not used by anyone while freeze-drying DnM. As for glycerol, dialysis bags have a glycerol coat-
ing on the inside which may be the source of contamination. Nevertheless, glycerol is a small
molecule expected to be removed during dialysis. Further, no isopropanol or glycerol contami-
nation was observed for A4M or A4M-PDHA, indicating it was a single occurrence.

As summarized in Table 4.2.1, significant loss of material was observed after the purification
process. The majority of the loss concerns DnM oligomers of DP 3-11, with yields < 10%. As
the degradation mixture was freeze-dried prior to fractionation, the amount separated by SEC
is known. Thus, the only obvious steps where loss could occur would be during dialysis and / or
inside the SEC columns. This is further discussed in Section 5.5, as low recovery was a recurring
observation throughout the diblock preparation. Due to the low recovery, a second batch was
prepared using the same protocol except that AcOH (100 vol%) was added after chitosan to
a final concentration of 2.5 vol% (Figure C.1). This chitosan solution was visibly less viscous
than the first batch prior to HONO degradation, so a control batch was prepared as batch 1.
Comparing SEC chromatograms of batch 1, 2 and the control batch, batch 2 was fully degraded.
This may be due to a localized degradation caused by the concentrated AcOH upon adding it
to the chitosan solution, even though the final concentration was dilute. A study by Vårum et
al. (48) showed that the rate constants for cleaving of D-A and D-D are negligible compared to
those of A-A and A-D, thus A-D govern the degradation. If the degradation rate constant for
A-D, kA°D , is used to obtain the theoretical degradation in batch 2, the effects of concentrated
AcOH can be determined (Section C.2). Nevertheless, as shown in Figure C.3, the change in DP
under the said conditions was < 1% after 3 minutes, thus having a negligible effect. Hence the
cause for decreased viscosity and increased degradation is presently unknown.

5.3 Preparation and characterization of AnM-PDHA

In the preparation of A4M-PDHA, three batches were made due to insufficient product. Batch
1 and 2 were dialyzed with a MWCO = 3.5 kDa, whereas batch 3 used a MWCO = 500-1000 Da.
This resulted in reaction mixture yields of 2.9, 1.5 and 78.5%, respectively (Table 4.3.1). The
difference in yields is considerably high, indicating that a MWCO = 3.5 kDa is inappropriate
for oligomers with a DP < 10. Batch 3 was further fractionated in which the chromatogram
displayed two main peaks that were notably split into a few minor peaks. This is not in ac-
cordance with literature. The smaller peak around 730 minutes may correspond to unreacted
A4M, whereas unreacted PDHA and PB may correspond to the later peaks. Nevertheless, the
increase in number of peaks is without further analysis assumed to be contaminants. 1H-NMR
characterization confirmed a successful conjugation, however, unreacted A4M was present and
is likely due to cross-contamination. An unidentified singlet around 1.8 ppm is present in both
A4M and A4M-PDHA, and the acetyl signal at 2.0 is believed to hide the multiplet of CH2 in
PDHA (Figure B.4). Similarly, the resonance signals for the M residue overlap with the signal
corresponding to the triplet of CH2 in PDHA.
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5.4 Preparation and characterization of A4M-b-MD5 diblock

For the conjugation of D5M to A4M-PDHA, an in-house sample prepared by Jesper E. Pedersen
(Department of Biotechnology, NTNU) was used due to insufficient amounts of DnM oligomers.
The reaction mixture was separated into three fractions of 1.0 mg, and characterized by 1H-
NMR. Fraction 1 and 2 both appeared to be diblocks, indicating that the diblock yield is ap-
proximately 30-60%. Fraction 3 is believed to be unreacted A4M-PDHA and D5M, as well as free
A4M. The main difference between fraction 1 and 2 was a slight increase and decrease in peak
area of H1-A and secondary amines, respectively. This may be explained by the presence of free
A4M that has been cleaved off, as confirmed by H1-M resonance signals. However, the H1-M
peak area is approximately 0.4 in both spectra, thus the differences may be caused by other fac-
tors. The unknown resonance signal at 4.42 ppm is not present in the 1H-NMR spectra of D5M
and A4M-PDHA used in the conjugation, however a similar peak can be seen in the spectrum
of D5M prepared in this thesis. Further, the resonance signal for unreacted D5M in fraction 3
differ in shape and is more distinct, compared to the corresponding signal in fraction 1 and 2,
and Figure B.3. Nevertheless, without further investigation, nothing certain can be said. Rela-
tive to the H2-D peak area, the increase of the H1-A peak area in all three spectra may be due to
cross-contamination of A4M as the fractions are in high proximity to each other. Based on the
peak areas of H1-A, secondary amines and H2-D, fraction 1 is believed to be A4M-PDHA-MD5.
Despite eluting later in the SEC chromatogram, fraction 2 show a slightly higher DP than frac-
tion 1, which is inconsistent with the principles of SEC. A higher DP than the starting materials
is not possible, hence fraction 2 is believed to be a shorter diblock than fraction 1.

5.5 Possible factors resulting in low recovery

A recurring observation throughout the preparation of the chitin-b-chitosan diblock was low
recovery. Material loss to this extent has not been previously reported when working with
AnM- and DnM oligomers, thus it was surprising. The two main sources of loss are believed
to be inside the SEC columns and during dialysis. It is important to note that MWCO is a term
originally used when describing proteins, which are mostly globular and compact, contrary to
flexible polysaccharides with extendable chains. Hence, globular proteins may only be a few
nanometers in diameter despite having a large molecular weight. Due to oligomers typically
being larger than proteins, a MWCO exceeding the molecular weight of the oligomer may still
be used. However, there are various factors that can interfere, making MWCO a guide rather
than a rule. Based on the centrifugal filtration results of AnM and SBG, as well as the dialysis of
A4M-PDHA, it is clear that a MWCO = 3-3.5 kDa is inappropriate for DP < 10. Further, material
loss inside the SEC columns may be seen in the purification of A4M oligomers by freeze-drying,
where the yield was only 58%. For the recovery of DnM oligomers, the yields were < 10% for
DP 3-11. However, these fractions were dialyzed prior to freeze-drying, so the culpable step is
ambiguous. Nevertheless, chitosan is a polycation that can interact with the negatively charged
stationary phase, and remain inside the column.



6 | Conclusion and further work

This thesis has provided preliminary insight into the preparation and characterization of chitin-
b-chitosan diblocks by conjugating A4M-PDHA to D5M. Moreover, the reproducibility of the
protocols for AnM- and DnM oligomers by Mo et al. and Gravdahl et al., has been explored.
Upscaling of AnM oligomers proved to be successful when comparing chromatograms of large-
scale and small-scale SEC fractionation, thus providing an efficient method for separation of
samples > 200 mg. Centrifugal filtration (MWCO = 3 kDa) was explored as a time-efficient al-
ternative to dialysis and evaporation, and small-scale testing on HA, SBG, alginate G-blocks
and dextran showed that dimers were withheld by the filter. However, large-scale purification
proved unsuccessful with yields ranging from 1-11% for oligomers with a DP < 10. Nevertheless,
it was highly successful for a G19-b-Dext45 diblock, with a yield of 88%.

Throughout the preparation of DnM and AnM-PDHA, significant loss of material was observed
which has not been previously reported. It is therefore assumed that a MWCO = 3.5 kDa during
dialysis was inappropriate for oligomers with a DP < 10, and the majority of the loss may have
occurred here. For AnM-PDHA, a MWCO = 500-1000 Da resulted in a yield of 78.5%, which is
significantly higher than the yield of < 3% for a MWCO = 3.5 kDa. However, in the preparation
of DnM oligomers, material could be lost inside the columns due to electrostatic interactions
between chitosan (positively charged) and the stationary phase (negatively charged). The con-
jugation of A4M-PDHA and D5M was proved successful by 1H-NMR characterization, with a
yield of approximately 30% based on the SEC chromatogram.

The future of chitin-b-chitosan diblocks encompass mRNA / siRNA complexation for use in
vaccines and gene therapy, respectively. Further research and optimization of the protocol is
therefore needed. This may include exploring different purification techniques, such as precip-
itation, in which the conditions favor precipitation of unreacted oligomers. However, the solu-
tion properties of chitin-b-chitosan diblocks and DnM-PDHA are yet to be studied, and remain
of high interest. If successful, SEC may then only be used to obtain specific DPs, rather than
separating reaction mixtures, resulting in a more time-efficient protocol. Moreover, diblocks
with a longer chitosan block (DP > 10) is also of interest with respect to biomedical applica-
tions. Lastly, possible self-assembling properties of chitin-b-chitosan should be explored, by
eg. dynamic light scattering.
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Appendices

A HPAEC-PAD chromatograms

Figures A.1-A.5 show HPAEC-PAD chromatograms of purified and unpurified samples of HA,
SBG, G7, G20 and Dext34, respectively, using centrifugal filtration (PES and cellulose membrane
materials).

Figure A.1: HPAEC-PAD chromatograph of unpurified and purified acid hydrolyzed HA (1 mg/mL, DP around 10)
using centrifugal filtration. CEL and PES refers to cellulose and PES membrane material, respectively.

i
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Figure A.2: HPAEC-PAD chromatograph of unpurified and purified acid hydrolyzed SBG (1 mg/mL, DP around 10)
using centrifugal filtration. CEL and PES refers to cellulose and PES membrane material, respectively.

Figure A.3: HPAEC-PAD chromatograph of unpurified and purified G7 (1 mg/mL) using centrifugal filtration. CEL
and PES refers to cellulose and PES membrane material, respectively.
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Figure A.4: HPAEC-PAD chromatograph of unpurified and purified G20 (1 mg/mL) using centrifugal filtration. CEL
and PES refers to cellulose and PES membrane material, respectively.

Figure A.5: HPAEC-PAD chromatograph of unpurified and purified Dext34 (1 mg/mL) using centrifugal filtration.
CEL and PES refers to cellulose and PES membrane material, respectively.
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B Additional NMR spectra

A detailed 1H-NMR spectrum showing the contaminants glycerol and isopropanol present in
the D5M sample, as well as reference spectra, is presented in Figure B.1. Figure B.2 shows the
integrated 1H-NMR spectra of purified D5M and D10M used to calculate the yield. Further, a
1H-NMR spectrum of the in-house D5M sample prepared by Jesper E. Pedersen (Department
of Biotechnology, NTNU) used in the chitin-b-chitosan diblock preparation, is shown in Figure
B.3. Figure 4.4.3 compares the 1H-NMR spectra of D5M, A4M-PDHA and A4M-b-MD5. The 1H-
NMR spectrum of pure PDHA is shown in Figure B.4.

(a)

(b) (c)

Figure B.1: 1H-NMR spectra of (a) D5M (600MHz, RT, D2O) from the chromatogram in Figure 4.2.1a (assumed DP
of 6), (b) isopropanol (500 MHz, RT, H2O) (8) and (c) glycerol (500 MHz, RT, H2O) (7). The spectra are
annotated according to literature (43;41).
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Figure B.2: Integrated 1H-NMR spectra (600MHz, RT, D2O) of (a) D5M and (b) D10M (fractions with assumed DP
6 and 11, respectively, from the chromatogram in Figure 4.2.1a). The spectra are annotated according
to literature (12;43).

Figure B.3: Integrated 1H-NMR spectrum (600MHz, RT, D2O) of in-house D5M prepared by Jesper E. Pedersen
(Department of Biotechnology, NTNU). The spectra are annotated according to literature (12;43).
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Figure B.4: 1H-NMR spectra (600MHz, RT, D2O) of pure PDHA.



C. PREPARATION OF DNM: PROTOCOL DISCREPANCIES vii

C Preparation of DnM: protocol discrepancies

C.1 Preparation and fractionation

Figure C.1 illustrates the preparation of batch 1, 2 and a control batch of DnM oligomers, wher-
eas Figure C.2 show the corresponding SEC chromatograms.

Figure C.1: Overview of the preparation of DnM oligomers: batch 1, batch 2, and a control batch.
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Figure C.2: SEC chromatogram of (a) batch 2, (b) batch 1 and a (c) control batch of DnM oligomers prepared as
illustrated in Figure C.1. SEC-system 1 was used, and the injection samples were 10 mg, 180 mg and 50
mg for (a), (b) and (c), respectively.
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C.2 Calculations on chitosan degradation by AcOH

Calculations on the possible chitosan degradation by AcOH (100%) in batch 2 are presented
here. The degradation rate constant as a function of HCl concentration for chitosan (FA = 0.62)
at 60°C is shown in Figure C.3, and was acquired from Vårum et al. (48). To determine the HCl
concentration equivalent to the localized AcOH concentration, Equations (C.1) and (C.2) were
used, in which 100% AcOH is equivalent to 0.02 M HCl. Further, random depolymerization of
linear polymers can be described by Equation (C.3), where Mn is the number average molecular
weight at t; Mn0 is the number average molecular weight at t=0; M0 is the monomer molecular
weight; k is the degradation rate constant; and t is the degradation time. To determine the
change in DP caused by acid depolymerization, kA°D = 5.0 ·10°8 (Figure C.3, 0.02 M HCl), M0 =
197.5 Da and Mn was estimated to be 200 kDa. The results are presented in Table C.1.

Table C.1: Theoretical decrease in DP as a result of chitosan (FA=0.002) depolymerization by AcOH (100%). The
degradation rate, kA°D , is 5.0 ·10°8

Time [s] 0 2 10 30 60 180

Decrease in DP [%] 0 0.01 0.04 0.10 0.15 0.60

AcOH °°*)°° AcO°+H+ (C.1)

Ka = [AcO°][H+]
[AcOH ]

(C.2)

1
Mn

= 1
Mn0

+ k
M0

t (C.3)

Figure C.3: Degradation rate constants as a function of HCl concentration for chitosan determined by a viscosity
assay of chitosan (FA = 0.62, 1.5 mg/mL) in 0.4M HCl at 60°C. Figure acquired from Vårum et al. (48).
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D Suggested optimized protocol for chitin-b-chitosan diblocks

An optimized protocol for preparation of AnM-PDHA-MDm diblocks is suggested here, but has
not been tested due to time limitations. The protocol is divided into three main steps: prepara-
tion of AnM- and DnM oligomers, preparation of DnM-PDHA conjugates using a two-pot pro-
cedure, and preparation of the diblock.

AnM- and DnM oligomers

Chitosan (20 mg/mL, FA=0.48 and FA=0.002 for AnM and DnM, respectively) is dissolved in de-
gassed MQ water containing AcOH (2.5 vol%) for 15-20 min using N2, and left on a magnetic
stirrer at RT until homogeneous. The polymer solutions are cooled to 4°C, along with degassed
NaNO2 solutions (20 mg/mL, 1.3 and 0.25 molar ratio to D-units for AnM and DnM, respec-
tively). Lastly, the cool NaNO2 solutions are added to their respective chitosan solutions, and
left on a magnetic stirrer overnight in the dark at 4°C. After degradation, the theoretical DPs are
< 10.

Further, the AnM degradation mixture is centrifuged and the pellet is washed with AcOH (2.5
vol%) three times to remove insoluble chitin oligomers. The supernatant is filtered (2.7 and 0.7
µm) and fractionated using SEC (0.15 M AmAc buffer, pH 4.5). Pooled fractions are purified
by dialysis (MWCO = 100-500 Da) and freeze-dried. The DnM degradation mixture is directly
freeze-dried prior to subsequent conjugation.

DnM-PDHA conjugates

Unfractionated DnM oligomers (7-10 mM) is conjugated with 10x PDHA in NaAc buffer (pH 4.0,
RT) for 5-6 hours, and reduced with 20x PB for 48h at 40°C. The reduction is terminated by dial-
ysis (MWCO = 100-500 Da) against NaCl (0.05 M) until the remaining PB has dissolved, followed
by MQ-water until the conductivity is < 2µS/cm. The dialysis water should be pH adjusted to
4.5 to avoid potential precipitation. Subsequently, the reaction mixture is fractionated by SEC
(0.15 M AmAc, pH 4.5), in which pooled fractions are purified by freeze-drying to reduce loss
of material. By conjugating PDHA to DnM prior to freeze-drying, the M residue is protected
against Schiff base reactions.

AnM-b-MDm diblocks

AnM and DmM-PDHA are prepared as described for DnM-PDHA, however, here in equimolar
ratios. Reacted and unreacted conjugates are separated by SEC fractionation (0.15 M AmAc, pH
4.5), and freeze-dried directly.
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