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Popular Science Summary

Sugar - a medicine both for our soul and planet

Every kitchen in the world, be it in sunny Philadelphia, fairytale Lapland or
fashionable Paris, contains a little jar of sugar hidden at the back of the cupboard.
Sugar is the ingredient we cannot imagine our lives without. Pancakes for breakfast?
Chocolate bar when you are feeling down? Even if you are not a big fan of sweets,
a teaspoon of sugar in a gravy is a game changer. And just how satisfying it is to
observe tiny sugar crystals disappearing in a cup of a warm tea. Well, the main reason
why it happens is because sugar is a hydrophilic or “water loving” molecule. Our
regular sugar, so-called sucrose, is a carbohydrate consisting of two simple sugar
units: glucose and fructose. Another very well known carbohydrate made of glucose
is cellulose. Cellulose is the main component in paper, cotton kitchen towels or
wood that the cupboard is made of. However, if we put a piece of paper in a cup of
tea, it does not magically disappear and all we are left with is the ruined tea. So what
is it that makes cellulose so different from sugar?

Cellulose is a polysaccharide found in plant cell walls. It contains up to 15,000
connected glucose units as compared to only one glucose in the sucrose molecule.
The main function of cellulose in cell walls is to provide mechanical support to the
cell, as well as to protect it from deformation. In order to do that, cellulose chains
interact strongly with each other to create highly ordered sheets that then form
fibrils and bundles of fibrils until a rigid network is built. Breaking apart such a rigid
network is extremely difficult, nonetheless, possible with the right tools. In order to
produce our little piece of paper, wood is mechanically and chemically processed
to separate large fibres, as well as to purify cellulose from other wood components.
Cellulose chains, however, are not completely disintegrated to maintain strong and
cohesive qualities important in paper products.

As you may have noticed from the title, this thesis is not about cellulose, or
not entirely about cellulose. Plant cell walls contain another polysaccharide called
hemicellulose and as opposed to cellulose, it is a group of carbohydrates and may
contain several types of simple sugar units such as mannose, xylose, glucose, galactose
and others. Hemicellulose occurs inside or on the surface of cellulose microfibrils
giving the necessary elasticity as well as additional strength to the walls. In some cells,
hemicellulose is even stored as an energy source. Hemicelluloses are generally much
smaller in size than cellulose which makes it more soluble in water, although some
pretreatment is often required.
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The amount of hemicellulose present in some types of wood may be as high
as 30 %. Moreover, water-soluble portions of hemicellulose end up discarded in the
waste streams after wood pulping which makes it an abundant and underutilized
material.

Due to its biodegradable nature and diverse structure, hemicellulose presents a
potential use in a variety of applications. Significant effort is devoted to creating
novel hemicellulose-based components to substitute non-renewable fossil-based ones
that negatively impact our planet. To achieve this, every step of the process has to be
optimized, starting from the extraction procedure to obtain the highest possible purity
and ending with finding the right tools to tailor the structure and properties of hemi-
cellulose. In this thesis, the nature of hemicellulose is studied on a molecular level,
specifically in relation to the interactions with cellulose. In addition, several materials
produced from hemicellulose are presented that could potentially be used in hy-
giene products and detergents, packaging, drug delivery and many other applications.
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Hay'—IHO—HOl'Iy.TISIpHOG BBeJeHue 1Jjid MOUX POJHBbIX

OaMH M3 caMBIX paCIIPOCTPAHEHHBIX THUIIOB YIJIEBOJOB - 3TO IEJLIIOJIO3A.
BosbIoe Kom4ecTBo Me/TioI03bl HAXOIUTCA B JIPEBECHHE W PA3HBIX BHJIAX
pacTeHunii, HapuMep, B XJonke. Lle/lo03a - 3T0 OYeHb JIMHHAA MOJICKY-
na (mosmcaxapu), KOTOPYIO COCTABJISIIOT, COEIMHEHHBIE B IE1Ib, MOJIEKYJIbI
rmoko3bl. CBOMCTBA TAKOTO MOJIMCAXAPHUIa OYeHb CHUJIBHO OTJINYAIOTCHA OT
CBOVICTB €JIMHOIl MOJIEKYJIBI I'JIIOKO3BI.

[nrokoza Takake BXOIUT B COCTAB OOBITHOTO M BCEMHU JIFOOMMOTO caxapa, BeJlb
Jaii 6e3 caxapa - 310 geHbru Ha Berep! M Ha060poT, CKOJILKO He J100aBIIstii
caxapa B 4aii, OH BCE PaBHO PacTBOpsieTCst. A BBI KOTIa-HUOY/Ib 3a/IyMbIBa-
JINCH TIOUEMY caxap pacTBopsieTcs B dae? Ha caMom jiesie BCE 0U€HB IIPOCTO:
MPOCTBIE YTJIEBOJLI — IMUAPOMUIbHBIE WU BOJY JIOOGSIIINE MOJEKYIbI. A,
HaIpUMep, MAC/IO WX BOCK - 3TO ruapodoOHbIe WX BOLY HEII00ANINe MO-
JIEKYJTBI, TIO3TOMY OHHU B BOJIe HEe pacTBOpsioTcd. [loueMy ke Toria Kycodek
OyMaru, rJIaBHBIM KOMIIOHEHT KOTOPOTO - IEJIII0JI03a, B Yae He pacTBOpsIeT-
ca? Bemn memmonosa coctout u3 toro ke caxapal Kak s yxe ymomsiayra
JIO 9TOT0, MEJIJTI0JI038 — OYeHb JIJIMHHAS MOJIEKYJIa U Jallle BCEro COCTOUT U3
HECKOJIBKUX TIeTeil, KOTOPBIe B3ANMOIEHCTBYIOT JAPYT C JAPYTOM.

Hesutiosno3a HaxouTCs B KJIETOYHBIX CTEHKAX PACTEHUN U €€ IylaBHas 3a/1a-
4a - IpeJaHue TPOYHOCTU U TBEPACTH KjaeTKaM. [lenmn 1esuiio103bl KpernKko
B3aMMOJIERCTBYIOT JIPYT C JAPYIOM W CO3/IaI0T BOJIOKHA, KOTOpPBIE, B CBOIO
odepeib, 00pa3yIT MPOYHYIO CETKY, CIIOCODHYIO TOJJIEPXKATH POCT pacTe-
uuit. [Ipu mpousBoacTBe OyMaru JiepeBo MOABEPraeTCs MEXAHUIECKON WIu
XUMHUYIECKON 00paboTKe, BO BpeMsi KOTOPOi CTPYKTypa OOJIbIeil YacTH BO-
JIokoH paspymraercs. [lociemyroriee pazbeauHeHne BOJIOKOH HA ENU I
JIFOJIO3BI - 3TO He MPOCTOi mporiecc. B3anMozeiicTBre MeXKIy IENsIME I1e-
JIFOJIO3BI HACTOJIBKO KPENKOe, YTO BOJIOKHA, TEJIJIFOJIO3bI IMEIOT CBOETO POJIia
rupopOOHBIH XapaKTep U HE PACTBOPSIOTCS 1IPU KOHTAKTE C BOJIOM.

Ho most auccepralinst He Ipo IEJIIONO03Y, a Ipo reMutie/ronosy! lemurie-
JII0JIO3a - 9TO MOXOXKUI Ha IEJIII0JIO3Y MOJIUcaxapul, HO B OTJINYNE OT eI~
JTIIOJIO3BI, TeMUTIEJLIIONI03a COCTOUT U3 PA3HBIX BHUJOB IIPOCTHIX YIJIEBOJIOB,
HaIPUMEP, MaHHO3bI, TVIFOKO3bI, KCUJIO3bl U TaJaKTo3bl. BMmecTe ¢ mesto-
JIOB30i1, TeMUIIEJLIIONI038 HAXOANTCSI B KJIETOUYHBIX CTEHKaX pacreHmii. ['emmu-
I[IEJTIOJI038, HAMHOI'O MEHBIIe IEJIII0JI03bI U B OOJIBIINHCTBE CJIy4YaeB pac-
TBOpUMa B Bojie. IIpu mepepaboTke sepeBa, OOJbINAST YaCTh TEeMUIIEILIIOI03
BBIOpACHIBAETCS BMECTE C OTXOIHBIMEU BOIAMI.
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leMutie/ 1110710361 - BO30OHOBJISIEMBIIT HCTOYHUK, KOTOPBI MOXKET 3aMEHUTD
HUCKOTIAEMOE ChIPhE B IIPOU3BOJICTBE, HATIPUMED, TUT'HEHUYECKUX ITPOJIYKTOB
IV TIJIACTUKOBOM YITAKOBKH, & TaKyKe (hapMaIleBTUIECKIX COCTABOB. B 3T0it
JECCEPTAIMA OBLIO CO3JIAHO M XapaKTePU3MPOBAHO HECKOJBbKO BUJIOB KOJI-
JIONJTAJIBHBIX COeJIMHEHNIT HA OCHOBE T'€MUIIEJIITIOIO3bI.

Konnounpr - 10 wacrumuku pasmepom or 1 go 1000 manomerpor. Cioeo
9TO WHOCTPAHHOE W HE OYEHb IOHSITHOE, HO HAa CAMOM JIeJIeé BCTPEYAETCS B
€KeJTHEBHO YKU3HU HAMHOIO valie, 9eM Kaxkercs. OHa U3 CaMbIX U3BECT-
HBIX KOJIJIOUJIHBIX CHCTEM - 9TO MOJIOKO, B KOTOPOM T'H/IPOGOOHbIE YACTUIKH
Kupa 06pa3yoT 3MyJbCuio B Boje. OHU TakKe sIBJITIOTCS TVIABHON ITPUIH-
HO#t 6eJtoro 1BeTa MojIokKa. KoIon/ bl B MOJIOKE IIPEIATCTBYIOT ITPOXOXKIE-
HUIO JIydeil cBeTa W B PE3YJIbTATE CBET IPEeJIOMJISIETCS] B PA3HBIX HAIPAB-
senusix. Hemuoro 6ojiee MHTEpPECHBIH IPUMED KOJIJIOUIHON CUCTEMBI - 3TO
Murie/uisipaast Bojia. [a, ma, Ta camasi XKUJIKOCTh, KOTOPYIO MOYKHO HAWTH B
BAHHOI KOMHATE KaXKJ0¥ COBPEeMEHHON JeBymKu. Mure bl cCoCTOAT U3 aM-
GudUIbHBIX MOJIEKYJI, B CTPYKTYPY KOTOPBIX, BXOIAT Kak ruiipodobHbIe,
TaK U THAPOQUMIbLHBIE YacTd. [Ipu 1ocTaTouHoli KOHIEHTPAIUU B BOJE, aM-
dudnibHbIE MOJIEKYJIBI OPraHU3YIOT celst TaK, ITOOBI THAPOMUTbHAS TaCTh
zarmuinasia ruapododHbIe YaCTH OT KOHTAKTA C MOJIEKYJIaMHU BOJLI. Jarre
BCEro, MUIIEJIBI - 9TO KPYIJIble YaCTUIKU, KOTOPbIE COCTOSAT U3 IUIPOdOO-
HOTO g7pa U ruapoduiabHoit 0bosoukn. Tak Kak B OOJBITUHCTBE CJIyYaeB
HaIlla, KOCMETUKa COCTOUT U3 IUIPOMOOHBIX MOJIEKYJI, MUIEIbI PACTBOPS-
FOT 9aCTUYIKUA KOCMETUKN U CTAOWJIMBUPYIOT UX BHYTPHU SIIPA.

Kocmeruueckue u Momwomue CpeacTBa - 9TO TOJIBKO MaJleHbKad YaCTb HWH-
AYCTPpUH, r1e UCIOJIb3YIOTCA KOJIJIOU/IbI. K CO2KaJICHUIO, OOJILITMHCTBO 3TUX
CpeACTB B Hallle BpEMA ITPOU3BEJCHO Ha OCHOBE HCKOIIaA€MbIX PECYPCOB, 9YTO
OPpUBOIUT K CTPEMUTEJIbHOMY U3MEHEHUIO KJ/IMMaTa. Femzmenmonos%a - 9TO
BO30OHOBJIIEMBIH U 6I/IOpa3JIaFa6MI)II71 MaTepuaJi, UCIIOJIb30BaHUE KOTOPOTO,
MOZKET HE TOJIbKO 3aMeIJINTh USMEHECHUE KJINMaTa, HO 1 YJIYIIIUTDb CBOIICTBA

IIPOJLYKITUU.
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Introduction

Due to rapidly emerging consequences of climate change, transition from fossil-
based resources is one of the burning issues the modern scientific community is
dealing with. A great deal of creative solutions has already been proposed for
novel, environmentally-friendly fuels, packaging materials, hygiene products etc.
Biopolymers have shown a significant potential, thanks to their versatile and, most
importantly, biodegradable nature. For a long time, the attention was focused mainly
on cellulose as it is the most abundant biopolymer in nature. However, it is a very
complex polysaccharide that brings additional challenges to the table such as limited
solubility in common solvents. Moreover, production of cellulose-based materials
requires additional deforestation which contributes negatively to the climate change.

Hemicellulose, on the other hand, is in many cases readily soluble in water
and is often discarded with process waters from wood pulping. In the last five years
alone, 36,100 articles have been published associated with hemicellulose where
16,700 of these articles involved softwood hemicellulose. Not all of these studies are
related to the development of potential applications. Significant amount of research
has been done on, for instance, optimization of wood pulp membrane filtration to
prevent fouling caused by adsorption of hemicelluloses or fundamental questions
about the nature of interactions inside plant cell walls. This still indicates growing
interest in hemicellulose.

In this thesis, we explore the potential of softwood hemicellulose as a raw ma-
terial in creation of several types of materials that could either substitute the existing
widely used components or provide solution for future obstacles. A special attention
is devoted to hemicellulose properties in relation to cellulose as this has been and
still remains an open discussion. However, I hope that this thesis holds answers to at
least some of the questions.



1.1 Plant cell wall polysaccharides

Plant cell walls provide mechanical strength and resistance to deformation while
allowing solute and signal exchange between cells. Growing cells are surrounded
by primary walls that have an expandable nature with tensile strength of up to
100 MPa.! Ensuing the initial growth period, some cells develop secondary walls
which, in addition to mechanical support, serve as polysaccharide storage units. 1>

The main components found in plant cell walls are cellulose, hemicellulose
and lignin (Figure 1.1). Minor amounts of proteins and pectic substances are also
present. Cellulose is a linear polymer that consists of (1—4)-f3-D-glucopyranose
units known as glucan chains which aggregate together into crystalline cellulose
microfibrils of ~ 3 nm in width.! Hemicellulose, on the other hand, is a group
of polysaccharides that includes both linear and branched polysaccharides. Hemi-
celluloses prevent cellulose from aggregating into larger fibrils by adsorbing to the
cellulose surface. The chemical composition of hemicellulose varies depending on
the plant and cell wall (primary or secondary) type. Hemicelluloses can be divided
into xyloglycans or xylans, xyloglucans, 3-glucans with mixed linkages and mannans
based on the major sugar monomers present in the structure.?

Hemicellulose

Cellu[ose

Figure 1.1 Schematic representation of the fibril network inside plant cell walls and the main
components involved in it.

Xylans are the main non-cellulosic polysaccharides found in the secondary cell walls
of dicotyl plants. In addition, the amount of xylans can reach up to 50 % in grasses



and cereals. Xyloglucans, on the other hand, are found in all higher order plant
primary cell walls and as storage polysaccharides in secondary walls of some species.
Cellulose-like 3-glucans with mixed linkages are only produced in cereal grains with
oats and barley being commercially important sources of these hemicelluloses.

The last group of hemicelluloses is mannanoglycans or mannans. Mannans
can be further divided into galactomannans and galactoglucomannans (Figure 1.2).
Galactomannans with a low number of galactose units (~ 4 %) are present in the
seed endosperm of ivory nut (Phytelephas macrocarpa) and date (Phoenix dactylifera).
In addition, green arabica coffee beans also contain a high amount of such mannans.
Galactomannans with a higher degree of galactose substitution (30 — 96%) are
principal hemicelluloses originating in the endosperm of a variety of legumin-
ous seeds including guar (Cyanopsis tetragonoloba) and locust bean or carob
(Caesalpinia spinosa). 'Their bulk and interfacial behavior are further described in
Chapter 3. Galactoglucomannans, however, are the major hemicellulosic compon-
ents found in the secondary cell walls of softwoods.?? Since galactoglucomannans
are the main focus of this thesis, they are described in detail in the following section.

oHOH

Mannose
onQH

Glucose
. Galactose

H ou

" On

Figure 1.2 General structure of galactoglucomannan (top) and galactomannan (bottom).

Lignin is a group of polyphenolic polymers that are strongly associated, and sometimes
even covalently bound with polysaccharides in cell walls. The main constituents in
lignin are para-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol(see Figure 1.3).

For softwoods, coniferyl alcohol is the most common monomer. 4
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Figure 1.3 The molecular structure of the main constituents in lignin.

1.2 Softwood hemicellulose

The major hemicellulose group found in softwood, such as spruce and pine, is O-
acetyl-galactoglucomannan (GGM). Dry wood mass contains up to 25 w/w% of
GGM. The backbone of GGM consists of (3-(1—4)-D-mannopyranose, partially
substituted with (3-(1—4)-D-glucopyranose, branches on mannose units of «-D-
galactopyranose attached through the 1—6 linkages, as well as O-acetyl groups at-
tached to the C-2 and C-3 positions.>® The degree of polymerization of GGM
is much smaller than that of cellulose with a molecular weight of around 16,000-
24,000 Da.” Galactose and acetyl side groups contribute to a better solubility of hemi-
cellulose in water. The composition of galactose:glucose:mannose in GGM can vary
significantly based on the degree of substitution from 0.1:1:3 up to 1:1:3.¢

1.3 Hemicellulose applications

The aim of this section is to highlight few studies that involve hemicellulose relevant
to the scope of this thesis. I will also introduce several important phenomena and
terminology that will be discussed frequently in Chapters 3 and 4.

1.3.1 Hemicellulose-cellulose composites

As previously discussed, hemicellulose interacts with cellulose in plant cell walls.
The nature of these interactions is of a great interest in relation to papermaking and
pulping since the presence of hemicelluloses dissolved in the process waters causes a
variety of adverse effects. These include the growth of fungi and bacteria as well as
interactions with papermaking chemicals.®

However, hemicellulose has also been shown to improve paper strength.® Therefore,
multiple studies have been done on the adsorption of hemicelluloses to different
types of cellulose surfaces.!?!3 Several attempts have been made to replicate the



synergy between hemicellulose and cellulose in plant cell walls by reinforcing
cellulose hydrogels with hemicellulose.¥'® Hemicellulose has been shown to
improve elastic and tensile strength, as well as toughness of the artificial cellulose
hydrogels confirming the role it has in the cell wall architecture. In addition, the
importance of hemicelluloses on the diffusion of several plant-based macromolecules
has been highlighted in cellulosic hydrogels.'® Apart from mechanical strength,
hemicellulose-cellulose composite films have been reported to have excellent oxygen
barrier performance offering an attractive alternative to conventional packaging
materials. 2°

Hemicellulose-based hydrogels have also shown a great potential in several
areas such as tissue engineering, drug delivery, etc.?!"24 For instance, xylan-based
hydrogels with thermo- and pH- responsive behavior have demonstrated excellent
encapsulation and release properties of acetylsalicylic acid in the intestinal and gastric
fluids.?> Hemicellulose hydrogel microspheres, on the other hand, have been tested

as nanovehicles for the transport of caffeine and bovine serum albumine. ¢

1.3.2  Alkyl glycosides

Surface active agents (or surfactants) are amphiphilic molecules meaning that the
chemical structure contains both hydrophilic and hydrophobic parts. Such molecules
are able to lower surface free energy of a system. Ata certain concentration, a so-called
critical micelle concentration (CMC), surfactants self-assemble into a variety of struc-
tures in order to minimise unwanted hydrophilic/hydrophobic interactions between
the surfactant and solvent. The type of structures surfactants self-assemble into de-
pends on the molecular shape of the surfactant itself (see Figure 1.4). This can be
described by a critical packing parameter (P) defined as?®”

po Vel (1

Qhead * ltail

where Vi, Ghead> and [ are the tail volume, the cross-section area of the head
group and the length of the tail, respectively.
Micelles are the simplest structures that surfactants form above the CMC. In
water, surfactants self-assemble with their hydrophilic head group outwards and the
hydrophobic tail inwards, creating a hydrophilic shell that protects oil-like interior.
Examples of compounds with surface active properties are lipids, polymers, block
copolymer to list a few. All of these molecules can be used to form a vast array of
intriguing structures.
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Figure 1.4 Schematic representation of surfactant molecules and self-assembly structures de-
pending on their critical packing parameter (P).

Alkyl glycosides are surfactants that have a head group made of at least one sugar unit
and an alkyl tail. 28 Due to their biodegradable and nontoxic nature, alkyl glycosides
have gained wide popularity and have been commercially used in a variety of formu-
lated products.?® These surfactants are mainly produced from starch or glucose syrup
as a raw material. 2 However, several studies have investigated the synthesis of alkyl
glycosides from cereal and wood based hemicelluloses. 2232 Utilisation of hemicellu-
loses as a raw material does not require additional deforestation and in some cases
even allows production of surfactants containing specific glycosidic bonds that are
otherwise highly challenging to synthesise. 32

1.3.3 Stabilization of lipid-water interface

As stated in the previous subsection, polar lipids are natural surface active molecules.
When mixed with water, lipids self-assemble into a range of structures depending
on the concentration, pH, temperature and packing parameter. At high enough
concentrations, lipids self-assemble into phases with long-range orientations char-
acteristic of solid crystals yet with liquid-like molecular mobility and are, therefore,
referred to as lipid liquid crystalline (LLC) phases. Among the most common LLC
phases are lamellar, hexagonal, inverse micelles (L,) and cubic bicontinuous phases
(Figure 1.5). Lamellar phase contains planar bilayer sheets separated by water layers
whereas hexagonal phase consists of densely packed cylindrical micelles arranged
in a hexagonal pattern which can be direct (H;) or inverse hexagonal (H;). Cubic
bicontinuous phase has a 3-dimensional lattice formed by a curved non-intersecting
bilayer folded in a way that creates two continuous yet disconnected water channels.



There are three types of cubic bicontinuous phases - primitive (Im3m), the gyroid

(Ia3d) and the double-diamond (Pn3m).

Im3m Fd3m Vesicles Bicelles

Figure 1.5 Architecture of different lipid liquid crystalline phases. Reproduced from Ref. 33 with
permission from the PCCP Owner Societies.

Nanoparticles (NPs) produced from lipid bulk phases have gained a special interest
as they can be used for drug encapsulation and delivery purposes. In order to
obtain such lipid crystalline nanoparticles (LCNPs), energy input is required.
The most common technique, the so-called top-down approach, involves break-
ing apart the lipid bulk phase in excess water into smaller aggregates that will
then create the nanoparticles. The bottom-up approach, on the other hand,
is based on diluting a surfactant in an aqueous solution with a stabilizer, after
which the mixture is homogenized. The dispersions of lamellar, hexagonal and
bicontinuous cubic phases are called vesicles, hexosomes and cubosomes, respectively.

LCNPs often require a stabilizer to achieve a long term colloidal stability. Both
electrostatic and steric stabilization can be used to prevent such nanoparticles from
aggregating. One of the most commonly used groups of stabilizers for cubosomes
and hexosomes is poloxamers (Pluronics) that have hydrophilic (poly(ethylene oxide)
and hydrophobic (poly(propylene oxide)) blocks. Poloxamers, however, are known
to affect the internal structure of NPs. 34

The ability of hemicelluloses to stabilize the interface between lipids and water
has been highlighted in relation to oil-in-water emulsions.3>35-%® The improved
stability and a more monodispersed particle size of emulsions has been linked to
the presence of lignin in the hemicellulose extracts.?>¢3 The main mechanism
behind the stabilization effect is believed to be based on lignin interacting with the



hydrophobic parts of lipid and thereby anchoring associated hemicellulose to the
interface. The hemicellulose chains can then impart steric stabilization. Furthermore,
lignin hampers lipid oxidation, thus improving stability of the emulsions even more. 3°

Until now, the stabilization of cubic phase nanoparticles has only been achieved
with other kinds of polysaccharides such as starch and cellulose. 44> However, the
structure of these polysaccharides was modified by adding hydrophobic groups.

1.3.4 Glycopolymers

Glycopolymers present an excellent vehicle for targeted drug delivery since car-
bohydrate moieties can facilitate cell recognition and binding.4? Due to extensive
research on synthetic polymers, it is also possible to synthesise glycopolymers with
specific properties such as thermoresponsive behavior. Furthermore, with careful
choice of polymer one can easily tune the transition temperature to, for instance,

body temperature. 4445

Tamarind seed xyloglucans have been used to synthesise tailored bottlebrush-
like glycopolymers to enhance binding to nanocrystalline cellulose.4¢ In another
study, seed hemicellulose from locust bean gum has been used as a raw material for
the preparation of conjugates with hydroxyethyl methacrylate (HEMA). 47



Experimental techniques

In this chapter, the main techniques used in the work behind this thesis will be presen-
ted with a general description. Characterization on the surface was performed using
several techniques such as Ellipsometry, Quartz Crystal Microbalance with Dissipa-
tion, Neutron Reflectometry, Atomic Force Microscopy and Attenuated Total Reflec-
tion - Fourier-Transform Infrared spectroscopy. Samples in solution were investigated
with the help of different scattering techniques - Dynamic and Static Light Scattering
and Small Angle X-Ray Scattering. In order to confirm the morphology in solution,
some samples were imaged with Cryogenic Transmission Electron Microscopy. In ad-
dition, surfactant properties of hexyl-mannosides were investigated with Tensiometry.

2.1 Surface techniques

2.1.1 Ellipsometry

Figure 2.1 A schematic representation of principles behind ellipsometry



Ellipsometry is an optical technique based on a change in a polarization state of a light
wave upon reflection from an interface. In a typical setup, a light beam with a known
polarization state is incident on an interface between two media. The change in the
surface properties, for example, formation of a thin film, will lead to a change in the
polarization state of the reflected light. “®4° The polarization of the reflected light is
described by ellipsometric angles, ¥ and 4, which represent the relative attenuation
and relative phase shifts of two orthogonal components of the light wave, parallel,
p, and perpendicular, s, to the incidence plane. The ellipsometric angles are related
to the reflection coefhicients r;, and ry as shown in the Equation 2.1 where p is the
complex amplitude reflection ratio>°

r
p=-L =tan(¥)exp(ja). (2.1)
Ts
The complex amplitude reflection ratio is measured directly by the ellipsometer and
the complex refractive index is determined based on the reflection coeflicients as fol-
lows from Equation 2.2 and Equation 2.3

By Nycos0; — N;cos0;
- ES ~ Nicos0; + N, cos0,
. Ep  Nycos0; — Njcos0
P E, Nycos0; + Njcos0,

Ts (2.2)

(2.3)

where E; and E; stand for the electric field amplitude of the incident and the reflected
light, respectively. N} and IV, are the complex refractive indices of two isotropic media
and 0 is the incident angle.
A general null ellipsometry set-up consists of

* alight source that emits unpolarized light,

* alinear polarizer that converts unpolarized light to a linearly polarized light,

* a compensator that changes the polarization state of the light wave to produce
elliptically polarized light by retarding its orthogonal components by different
amounts,

* a surface that reflects the incoming light and thereby changes the state of po-
larization of the light,

* an analyzer or another linear polarizer,

* a detector that measures the reflected light intensity after the analyzer.>!
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The first type of ellipsometer developed was a null ellipsometer. This is also the
ellipsometer used in this work in Paper 1. The main principle behind null ellipsometry
is that at a certain analyzer and polarizer positions the intensity of the light is min-
imized or nulled at the detector due to a perpendicular orientation of two polarizers. >°

The ellipsometry measurements were carried out on three types of surfaces:
hydrophilic silica, hydrophobized silica and spin-coated cellulose surface. Each silica
wafer was characterized in air and liquid in order to determine the thickness of a
silicon oxide layer.

The obtained data was fitted to the model containing the following layers:
SiO;-cellulose/hemicellulose.  The software (Ellipso) was used to calculate the
refractive index (n) and the optical thickness of the layer (d), based on the measured
A and V¥ angles. The adsorbed amount (I') was calculated by applying Equation 2.4

_d(n— no)
~ dn/dc

where ny is the refractive index of the solvent and dn/ dc is the refractive index incre-

(2.4)

ment. Table 2.1 shows dn/dc values used to calculate adsorbed amount in Chapter 3.

Table 2.1 dn/dc values of the polysaccharides studied in Chapter 3.

Polysaccharide ‘ dn/dc [mL g~ ] ‘ Ref

LBG, LBG*, GG 0.135 52
GGMs 0.148 53
Cellulose 0.131 54

2.1.2  Neutron Reflectometry (NR)

Similar to ellipsometry, the reflection from the surface is measured in NR experi-
ments. However, the focus here is on the total intensity of the reflected neutron beam
instead of the change in the polarization of light. In specular NR, where the angle
of incidence is equal to the angle of reflection, the intensity of the reflected neutron
beam is monitored as a function of neutron momentum transfer perpendicular to the
reflecting surface, (,. The momentum transfer can be calculated from the wavelength
(A) and the angle (0) of incident neutron beam, given by the Equation 2.5

Q. = % sin (2.5)

A neutron beam is directed towards a surface at a grazing incident angle where due
to its high penetrating power, it propagates through the solid medium (for example,
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silicon crystal) and is reflected at the interface.*® The obtained specular reflectivity
profile gives information on the thickness of the layer, density profile and interface
roughness.>>

The key advantage of using neutron source as a probe is the ability of neut-
rons to distinguish between different isotopes, for example, 'H and %H, due to
distinctly different scattering length densities (SLD). By choosing a solvent with a
specific D,O and H,O ratio and/or selectively deuterated molecules, it is possible to
“hide” some parts of the layer and “highlight” others.

In this work, three isotopic solvent contrasts were used: DO, H,O and con-
trast matched silicon water (CMSi). NR measurements were performed on a
hydrophobized silica (Paper 1) and spin-coated d-cellulose surfaces (Paper 11). Bare
silica surface was characterized in three contrasts at the beginning of each experiment.
When the measurement involved cellulose surface, the characterized silica surface was
then spin-coated with d-cellulose solution and characterized in three solvents again.
The sample was then injected in the cell and left to adsorb to either hydrophobized
or cellulose surface for a certain amount of time. After that, the surface was rinsed
and characterized in at least two contrasts.

The obtained neutron reflectivity curves were analyzed by fitting with Abeles
matrix method for a stratified interface.>”->°

NR measurements were performed on MAGIK, Platypus and POLREEF reflectomet-
ers available at Center for Neutron Research (NIST, USA), Australian Nuclear Science
and Technology Organisation (ANSTO, Australia) and Rutherford Appleton labor-
atory (UK), respectively.

12



2.1.3 Quartz Crystal Microbalance with Dissipation (QCM-D)

Figure 2.2 A schematic representation of principles behind QCM-D

A QCM-D measurement involves a piezoelectric oscillator which is excited to a near
resonance frequency with an alternating voltage driving source. Changes in the mass
cause a decrease in the resonant frequency (Af) of the piezoelectric crystal.® If the
added mass is relatively small, rigid and evenly distributed on the crystal, the adsorbed
amount (4m) is proportional to the changes in frequency, given by the Sauerbrey
relation®! presented below

Am = QA f (2.6)
n

where C'is a proportionality constant and 7 is an overtone number.

In addition to the change in frequency, modern QCM instruments are equipped
to measure the energy loss when the voltage is switched off. The dissipation energy
(AD) is strongly affected by the viscoelastic properties of the added layer, therefore is
an indication of the layer rigidity. The Sauerbrey equation is only valid if the AD is
below 1076, Several approaches have been developed to model viscoelastic films with
high AD values. The most commonly used model is the Voigt viscoelastic model
where the film is described by a complex shear modulus

G=G+iG" = ue+ i2zxfne = p(1 + i27f7) (2.7)

where y, Ngand T is the elastic shear modulus, the shear viscosity and the characteristic
relaxation time of the film, respectively. The change in the resonant frequency (4f)
and the dissipation (4D) can be then derived from the viscoelastic properties of the
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film as shown in Equation 2.8 and Equation 2.9

_ Im(p)
27rty0q

Af (2.8)

and

_ Re(p)

7ftePq
where ¢, is the thickness and p,, is the density of the quartz surface. 3 depends on
the thickness and density of the film and is described in detail elsewhere. ¢°

(2.9)

QCM-D experiments were performed using quartz crystals coated with a SiO,
layer (QSX 303, Q-Sense) with a proportionality constant of -17.7 ng - s - cm ™2 and
5 MHz resonant frequency. The obtained change in frequency and dissipation were
analyzed by fitting the Voigt viscoelastic model®? to the experimental data using

Dfind software (QSence, Biolin Scientific).

2.1.4 Atomic Force Microscopy (AFM)

Atomic Force Microscopy was first introduced in 1986 and has since been widely used
as an imaging tool for a range of applications.®3"®> In contrast to other microscopy
techniques, AFM is an indirect imaging technique where the image is created based
on the probe-sample interactions. The AFM probe consists of a sharp tip attached
to a flexible microcantilever that is kept at a distance relative to the sample surface.
The AFM probe can be operated in contact or non-contact mode. In contact mode,
the bending of the cantilever caused by the forces between the tip and the sample
is traced by a laser beam reflected off of the cantilever.®>°¢ In non-contact mode,
the tip is positioned at a larger distance from the sample where the attractive forces
between the tip and the sample are dominant. The tip is moved across the sample
while oscillating at a resonant frequency. The attractive interactions with the surface
lead to a change in the resonant frequency and hence in the vibrational amplitude.
These changes are then converted to the z dimension to produce a topographical
profile of the surface.® Imaging in air was performed using silicon cantilever with
42 N/m spring constant and 330 kHz resonance frequency, whereas in liquid mode,
silicon tip with 3 N/m spring constant and 75 kHz resonance frequency was utilized.

14



2.1.5 Attenuated total reflectance Fourier transform infrared spectroscopy

(ATR-FTIR)

Infrared (IR) spectroscopy is an analytical technique that gives information on
molecular structure and interactions in the sample. As opposed to traditional IR,
in the FTIR spectrometers the infrared radiation is split into two parts which are
reflected from a stationary and a moving mirror. The reflected light is recombined
at the beam splitter producing constructive and destructive interferences. Fourier
transformation is then used to convert the interference pattern or interferogram to

the frequency domain. 6768

In ATR-FTIR spectroscopy, a sample is placed in contact with a crystal that
has a higher refractive index than the sample such as diamond and zinc selenide.
When the IR radiation beam reaches the interface between the sample and the
crystal, it is totally reflected due to the difference in refractive indices. This causes a
fraction of the beam to extend into the sample as an evanescent wave that has the
same frequency as the incoming beam. The sample absorbs part of IR radiation in
the evanescent wave and the intensity of the totally reflected beam is thus reduced or
attenuated. 8

ATR-FTIR spectroscopy was used to investigate crystalline properties of the
bacterial cellulose films. This was done by elucidating the amount of inaccessible
hydroxyl groups in the polymer network of cellulose. Deuterated and non-deuterated
cellulose solution was spin-coated on the FTIR diamond crystal in a similar manner
as for ellipsometry and NR. Dry cellulose films were first measured under ambient
conditions and then subjected to a D,O vapor environment. Once the exchange
has reached steady state, the number of the exchanged -OH groups (ron) was
determined using Equation 2.10%%7!

1.34 - AOD

= 2.10
1.34 - Aop + Aon ( )

TOH

where Aop and Aoy are the integrated area of the peaks between 2260 - 2700 cm ™!
and 3050 - 3680 cm ™!, respectively.

2.2 Scattering techniques

So far, I have described techniques that either require a surface or sample is character-
ized in relation to a surface. However, surface affects the structure and morphology
of the sample due to different kinds of interactions. This subsection focuses on the
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techniques that can be used to characterize the structure and other properties of an
object in a solution or a dispersion.

2.2.1 Static Scattering

Scattering techniques follow interactions between an object in solution and a
radiation source. When a radiation beam interacts with a particle in its path, the
trajectory of the beam will be deflected or in other words the radiation energy is
scattered. The intensity of the scattered energy can be used to determine the structure
of the particle provided that the scattering is elastic (there is no energy loss in the

process) and the intensity comes solely from the primary scattering.”>73

The most commonly used radiation sources are light, x-rays and neutrons.
Each of the sources interact with different parts of the sample. Visible light and x-ray
beam interact with electrons of atoms and the difference in electron density between
a sample and a solvent determines the contrast. Neutrons, on the other hand,
interact with the nuclei of atoms and are therefore sensitive to different isotopes as
mentioned earlier in the Neutron Reflectometry subsection.

The scattered radiation recorded at different scattering angles 0 can be described by
a scattering vector (7). The magnitude of the scattering vector is given by

4
0=171 = 2 sin(%) @.11)

where Ay is the wavelength of the incoming radiation beam. The intensity of scattering
results from number density (/Vp), volume of a particle (V},), contrast or difference
in SLD between the sample and the solvent (4p), form factor (P(q)) and structure
factor (S(q)). Intensity (I(q)) is then determined by

I(q) = N, VﬁApZP( q)S(q) + background. (2.12)

Form factor and structure factor give information on intra- and inter-particle
interactions, respectively. Scattering measurements are usually performed in a dilute
regime in order to avoid inter-particle interactions. Since the scattering intensity
in such regime is mainly affected by P(q), the size and shape of a particle can be
determined more easily.

The analysis of static scattering data can be done in several ways. Some para-

meters can be calculated directly form a scattering curve based on scattering theory.
One of such parameters is radius of gyration (Rg). R, is an indication of the size of
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a particle and in combination with hydrodynamic radius (R},) gives information on

the shape.

Ry is calculated based on Guinier approximation which is only valid at low ¢
values where gR; < 1. The scattering intensity in this g region is approximated to be
the result of the zero angle scattering (Iy) and R as shown in Equation 2.1372

—(qRg)?

Ilq) = Ihe” 3 . (2.13)

Multiple approaches have been developed for the calculation of R;. Most of them
involve plotting one or the other variant of scattering intensity as a function of
¢. Radius of gyration of hemicellulose described in (Paper 11) was calculated using
Zimm plot approach in which a plot of I(g) ™! versus ¢* is constructed.

Scattering profiles of objects with a highly ordered arrangement in their struc-
ture like lipid liquid crystalline (LLC) phases contain well-defined peaks, also known
as Bragg peaks. These peaks result from constructive interferences and appear if the
Bragg condition is fulfilled 74

0
nA :2dsin(§) (2.14)

where n is an integer, A is the wavelength of radiation, d is the distance between crys-
talline planes and 0 is the scattering angle. The ratio between ¢ positions of the Bragg
peaks indicates the type of LLC phase. Further depending on the LLC type, a lattice
parameter (@) and water channel radius (ry,) can be determined. For a bicontinuous
cubic phase these parameters are calculated from7”>

a=dVhi+k+E2 (2.15)
and
Ag

rw = (a—1) (2.16)
where h, k and [ are the Miller indices describing crystalline planes, X and Ay are

the Euler characteristic and the surface area of the infinite periodic minimal surface
(IPMS) geometry.

Another way of evaluating static scattering data is by applying a certain theor-
etical model. This method, however, requires certain knowledge about the system
prior to analysis to find the correct model. Therefore, complementary measurements
like dynamic light scattering or microscopy are often required to give an indication
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of structure or to confirm the obtained result. Models used for the analysis of
Small Angle X-ray scattering data of softwood hemicellulose, hemicellulose stabilised
nanoparticles and pPNIPAm/mannan co-polymers are described in detail in Chapter 4.

2.2.2 Dynamic Scattering

Dynamic light scattering follows a particle undergoing Brownian motion in a solu-
tion. The moving particle will cause scattering intensity fluctuations that in turn can
be related to the mobility or diffusion described by the diffusion constant, D, of the
particle. The Stokes-Einstein relation can be used to extract a hydrodynamic radius,
Ry, from the diffusion coefficient

kT
- 6mRy

(2.17)

where kg is Boltzmann’s constant, T'is the absolute temperature, 1) is the viscosity of
the solvent.

The diffusion coefhicient is determined from an intensity auto-correlated func-
tion. The intensity fluctuation is measured over a certain time with a very small
time step. The intensity at each time step is then correlated to the initial intensity
and plotted as a function of time step or lag time (7). Normalized intensity
auto-correlation function is given by Siegert relation”®

d?(q,1) =14 B4V (g0)° (2.18)

where f is an instrumental constant, g!')(¢,T) is the normalised time auto-
correlation function of the electromagnetic field.

In order to determine diffusion coeflicient for a polydisperse sample with spherical
particles, method of cumulants is often applied.”” In this method, the field correlation
function is given by Laplace transform of relaxation rates (P(T"))

¢V (1) = J P(r)e T ar (2.19)
0
where the relaxation rate is ' = —¢*D and [ P(T)dTl" = 1. The exponential is
linearalized and yields the so-called Z-averaged relaxation rate (T")

=2 =2
B i LN
In(g™) = T+ - ( = ) (Fe + .. (2.20)
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In addition, the polydispersity of spherical particles can be determined from the
second term in Equation 2.20.72

2.3 Cryogenic Transmission Electron Microscopy (cryo-
TEM)

Cryo-TEM is a microscopy technique that allows imaging of a biological sample
in a solution state. This is achieved by rapidly freezing the sample on a carbon
grid. A small amount of sample is placed on the carbon grid which is then plunged
into liquid ethane at -183 °C to avoid introduction of ice crystals. The imaging is
performed in frozen state at liquid nitrogen or helium temperatures (~ -175°C). 7880

The frozen sample is placed in the microscope where an electron beam is dir-
ected towards the grid. Electromagnetic lenses are used to focus the scattered
electrons and magnify the image at the detector. 8!

Cryo-TEM was used to image softwood hemicellulose in Paper 1 and hemi-
cellulose stabilised cubosomes in Paper 1. In addition, the structure of novel
glycopolymers was captured at 25°C and 50°C in Paper 1v.

2.4 Tensiometry

In order to determine critical micelle concentration (CMC) of hexyl olygosides, sur-
face tension (y) was measured at different concentrations (see Paper 1) with a pendant
drop technique. The shape of the drop is captured and related to the surface tension
through the Young-Laplace equation which describes the Laplace pressure across a

curved interface 8283

1 1
— 4+ —)=A4AP=A4AP,— 4 2.21
Y R + 7 ) 0 — Apgz (2.21)
where R; and R, are the principal curvature radii, AP is the difference in Laplace
pressure across the curved interface, Ap is the density difference, g is the gravitational
acceleration and z is the vertical height of the drop.
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Interactions between hemicel-

lulose and cellulose

Interactions between hemicellulose and cellulose have been a research topic for many
years. This has helped to improve our knowledge about the architecture inside plant
cell walls, as well as to design and use these materials in a range of applications. The
first part of this chapter is focused on evaluating the nature of the interactions and
in the second part the adsorption of hemicellulose to cellulose surface in relation to
film crystallinity is discussed.

The discussion in this chapter will involve five hemicellulose samples with
varying molecular weight and composition that originate from seeds and spruce.
Since these polysaccharides contain mannose as the main constituent, I will refer to
them as mannan-based polysaccharides or simply mannans. Spruce hemicelluloses or
galactoglucomannans (GGMs) were obtained from thermomechanical pulp process
waters (TMP-GGM) and from spruce chips that were subjected to steam extraction
(SP-GGM). Seed hemicelluloses or galactomannans (GMs), on the other hand, are
commercially available but originate from the seed endosperm of the carob tree
Ceratonia silique L. (Locust bean gum) and the seed of Cyamopsis tetragonoloba (Guar
gum). A more detailed description of the extraction and analysis of the samples can
be found in Paper 1. A summary of the monomer composition of the samples is

shown in Table 3.1.
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Table 3.1 Denotation, molecular weight and chemical composition of the mannans studied in
this chapter.

Sample Denotation | Molecular weight [kDa] Nan ‘ Gal ‘ l\élltzla‘r Xactelt(t)yl ‘ A ‘ Xl
Guar gum GG 250.0 67 | 33
Locust bean gum LBG 556.0 78 22
LBG* 107.0 78 22
Galactoglucomannan (GGM) T™MP 14.0 50 15 | 15 20
SP 5.9 40 6 16 2 2 8

3.1 On the interactions of softwood hemicellulose with cellu-
lose surfaces in relation to molecular structure and physi-
cochemical properties of hemicellulose

3.1.1 Hemicellulose properties in solution

The behavior of hemicellulose polysaccharides in solution was investigated with
DLS and SLS. In addition, a more detailed characterization of TMP and SP GGM
samples was done utilizing SAXS.

Table 3.2 presents the average radius of gyration (), hydrodynamic radius
(Ry,) and the ratio between the two parameters that gives an indication of the shape
that a polymer takes in solution. GGM samples have R, of 122 nm (TMP) and 87
nm (SP) and R}, of 111 nm (TMP) and 82 nm (SP). However, if we assume that a
single sugar monomer has a molecular weight of 0.18 kDa and dimensions of 0.6 nm,
then the length of a fully stretched polymer would be 47 nm and 20 nm for 14.0 kDa
and 5.9 kDa molecular weight, respectively. These values are significantly smaller
than the obtained results from light scattering indicating that the GGMs aggregate
in solution. This observation is confirmed by cryo-TEM image of TMP-GGM
sample presented in Figure 3.1, where an aggregate of ~ 200 nm in diameter can be
seen. Similar type of aggregated structures but even larger in size, possibly due to a
higher molecular weight and sample concentration, were reported in literature for a
comparable GGM preparation. 84
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Figure 3.1 Cryo-TEM image of TMP-GGM sample at 1.5 mg mL—!. The scale bar it 200 nm.

The obtained R; and R}, values for guar gum and locust bean gum are much smaller
than the expected contour length (length of a fully stretched polymer) of the corres-
ponding polymers suggesting that the polysaccharides are not in an aggregated state.
Comparable R, have been previously reported in literature. 358 Based on the Ry/ R},
both TMP and SP assemble into elongated aggregates while the chains of LBG and
GG seem to take a globular shape in solution.®”

Table 3.2 Molecular weight, radius of gyration (Rg), hydrodynamic radius (Rp) and Rg/Ry, of
the mannan-based polysaccharides.

My [kDa] | Ry [nm] | Ry [nm] | R/R,

TMP 14.0 122 111 £8 1.10
GGM SP 5.9 87 82+6 1.07
Locust bean gum LBG* 107.0 79 95 + 14 0.75
LBG 556.0 111 210 £+ 39 0.53
Guar gum GG 250.0 42 93 + 16 0.61

SAXS measurements were performed to gain more insight into the arrangement of
GGM polymers in solution. Figure 3.2 shows SAXS scattering patterns of TMP and
SP GGM. Apart from the shift of the power-law decay from -1.85 at low g to -1.0 at
high ¢ for TMP and -1.7 to -0.95 for SP, the scattering curves do not present distinct
features. Such behavior is characteristic to fractal-like structures (Figure 3.3).
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Figure 3.2 SAXS curves of the TMP (light red) and SP (green) at 10 mg mL~!. Solid black lines
represent a theoretical fit to the corrected Beaucage model. The scattering curve of the TMP
was shifted upwards by a factor of 10 for clarity.

The scattering intensity versus ¢ can therefore be described by a mass fractal model
I(q) ~ ¢ where d is the exponent of the scattering curve (between -1 and -3, for
mass fractals). 38 The exponent of -1 at high ¢ is characteristic to rod-like shape below
the persistence length (L) of the polymer. Such scattering profiles can be fitted
to the corrected Beaucage model that represents fractal morphology formed from
88,89

flexible cylinders.
The Beaucage analysis gives two radii of gyration determined from the low-¢
or Guiner regime and from the ¢ region where the slope of the scattering curve
changes (i.e. the transition region). The former radius of gyration (R,) represents the

overall size of the fractal aggregate and the latter (Ry,,) corresponds to the size of a
fractal subunit and can be recalculated into a persistence length (L) using Equation

3.190
L, = ( ' IZRé) (3.1)
p = I .
Persistence length is an indication of the chain stiffness. For a very flexible polymer,
the Ly, is very low. For a stiff polymer, however, the Ly is close to a contour length.
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Figure 3.3 Schematic representation of fractal-like aggregates described by persistence
length (Lp).

According to the fit, the Ly is 5.6 nm and 4.2 nm for TMP and SP GGM, respect-
ively. The difference in the chain flexibility can be explained by a higher amount of
galactose side-groups present in TMP structure that makes the polysaccharide to be-
have more as comb-like polymers. High branching degree and length of the branches
have been shown to considerably decrease flexibility of comb-like polymers.®* The
effect of the side groups on the hemicellulose chain flexibility has also been demon-
strated for tamarind seed polysaccharides.®?

3.1.2  Adsorption studies of hemicellulose on cellulose and hydrophobic
surfaces

The adsorption of different hemicellulose samples to cellulose surfaces was studied
with the aim to evaluate the impact of the molecular weight and branching degree on
the adsorbed amount. In addition, the adsorption to hydrophobic surface was com-
pared in order to shed light on the nature of the interaction between hemicellulose
and cellulose. The adsorption studies were performed using ellipsometry on both
cellulose and hydrophobic surfaces, as well as QCM-D and neutron reflectometry
on hydrophobic surface.

For the adsorption studies using ellipsometry, Avicel microcrystalline cellulose
was dissolved in DMAC/LICl solution and spin-coated on silica wafers (a more
detailed protocol can be found in Paper I). Figure 3.4 shows a topographical profile
of a typical cellulose film used in ellipsometry measurements imaged with AFM in
air. The surface is covered with cellulose fibrils that create a uniform network on Si
substrate with the root mean square roughness (rms) of 3 nm.
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1000

Figure 3.4 AFM topographical image of a cellulose film spin coated on a silica wafer used in
the ellipsometry measurements obtained in non-contact mode.

Similar fibrillar topography has been previously reported for Avicel microcrystalline
cellulose dissolved in DMAC/LICl solvent but with a higher rms.®*> However, other
sources of cellulose dissolved in a comparable solvent system have been shown to
create non-fibrillar surface with spherically shaped cellulose aggregates. 242>

The adsorption of the mannan-based polysaccharides to hydrophobic and cel-
lulose surfaces was studied insitu with null ellipsometry at low concentration
(0.02 mg mL™!). Typical ellipsometry results are shown in Figure 3.5, where also the
points of GGM addition and start of flushing the measuring cell with pure buffer are
marked.
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Figure 3.5 A typical ellipsometry measurement set up and results. Adsorbed amount (red) and
layer thickness (green) of TMP GGM on a hydrophobic silicon oxide surface.

In general, first the thickness of the silicon oxide was determined by estimating W
and A values in air and in buffer. After which, a bare hydrophobized substrate or a
substrate covered with spin-coated layer of cellulose, was mounted and placed in the
sample cell. The average thickness of the oxide layer was ~300 A with a refractive
index of 1.47. The thickness of cellulose layer was typically around 400 A with a
refractive index of around 1.42. Similar refractive index for swollen cellulose films
was reported previously with corresponding solvent amount of 68 % based on the
refractive index of 1.6 for dry cellulose. *>9¢

Aliquots of mannan stock solution were added to the ellipsometry cell with
either a hydrophobic or a cellulose spin-coated silica surface. The adsorption was
followed until the plateau was reached and a buffer was flushed through the cell to
remove unreacted or loosely attached material. Summary of the obtained adsorbed
amount of mannans on two kinds of surfaces is shown in Figure 3.6. All of the
mannans demonstrated a significant adsorption to hydrophobic surfaces with the
adsorbed amount ranging from 0.8 to 1.53 mg m 2 for galactomannans and 1.50
to 1.62 mg m~2 for GGMs. This indicates that mannan-based polysaccharides
have a relatively hydrophobic character. A generally higher adsorbed amount of
GGM samples can possibly be explained by the presence of acetyl groups that are
absent in galactomannans. The amphiphilic character of sugars (especially, cellulose)
has been widely discussed in literature.®”"* The hydrophobic character depends
on the arrangement of -OH groups in sugar rings, and therefore is different for
each type of sugar monomer. The order of the increasing hydrophobicity of sugar
units present in mannan-based polysaccharides has been suggested to be: galactose,
glucose, mannose.”” GGMs have a lower galactose substitution degree and, thus,
longer unsubstituted sections in the backbone that would facilitate interactions with

27



the hydrophobic surface.

Hydrophobic  m Cellulose

b

-

=1

on 2

£
-

LBG* TMP GGM  SPGGM

Figure 3.6 Comparison between the adsorbed amount of mannan-based polysaccharides on
the cellulose spin-coated film (green) and the hydrophobic surface (gray). Results are arranged
in the order of decreasing polysaccharide molecular weight from left to right.

The adsorbed amount is higher on cellulose than on hydrophobic surface for all
hemicellulose samples possibly due to specific interactions caused by similarity
in structure. It has been shown that bacterial cellulose is able to co-crystallise
with mannan-based polysaccharides and sugar surfactants have selective attractive
interactions between head groups depending on the stereoisomer type.'9193 In
addition, cellulose surface has an open and relatively porous structure providing a
larger effective area and, thus, higher number of adsorption sites. This type of surface
can accumulate a large amount of water which results in swelling. In such conditions,
mannans strive to replace water molecules adsorbed on cellulose surface since the
mannan-cellulose surface interactions are more favourable than the water-cellulose

interactions. This suggests that the adsorption process is entropy driven. 104

The adsorbed amount on the cellulose surfaces was found to be dependent on
the molecular weight of the mannan polymers. The highest adsorbed amount was
obtained with Locust bean gum (556 kDa) and the lowest one with TMP (14.0 kDa)
and SP GGM (5.9 kDa). The influence of the molecular weight on the adsorption
of hemicellulose has been previously reported in literature, however galactose
substitution degree has been suggested to have a stronger impact compared to
molecular weight. 1118195 Branches might prevent a close contact between the back-
bone and the surface, however we have not observed such a dependency in our studies.

The adsorption of mannan-based polysaccharides on hydrophobic surface was

additionally followed with QCM-D. In comparison to ellipsometry, QCM-D
measures the total added “weight” that also includes coupled solvent. By comparing
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results from these two techniques, information on the amount of solvent present in
the adsorbed layer can be extracted. Table 3.3 presents summary of the adsorbed
amount on hydrophobic surface determined with ellipsometry and QCM-D. All of
the mannans form a highly hydrated layer with more than 90 % of solvent. Based
on the SAXS results, GGM polymer chains are relatively stiff and would lie parallel
to the surface stacked on top of each other. However, galactose side groups prevent
polymer chains from lying completely flat and cause parts of GGM chains to extend
into solution. Such a configuration of polymer chains is open to a large amount of
solvent. High content of water has been previously reported for the GG (91 %) and
GGM (65 %) adsorbed layers on cellulose but with a lower dry mass than it was

obtained here, possibly due to thinner cellulose films. %13

Table 3.3 The summary of the adsorbed amount on hydrophobic surfaces as determined with
ellipsometry and QCM-D, and the calculated solvent content in the adsorbed layer.

| IBG | GG | LBG* |TMPGGM | SPGGM
Adsorbed amount [me m-2] | QEM-D 2646 30+10 | 31+4 2843 2841
sorbec amountIme M 1 MEllipsometry | 0.94 £ 0.09 | 0.94+0.09 | 0.8+ 0.1 | 1.6+0.1 | 1.50 % 0.03
Solvent content [%)] 96 96 97 94 95

Additionally, the adsorption of TMP GGM to hydrophobic surface was studied with
neutron reflectometry (NR) which gives the scattering length density profile of the
adsorbed layer perpendicular to the surface. The scattering curves of a bare silica and
the adsorbed TMP layer in two contrasts are shown in Figure 3.7. A significantly
larger difference is seen in the D;O contrast compared to the H,O due to a higher
scattering contrast between D,0 and TMP. The best fit to the data was obtained
by dividing TMP layer into two. The inner layer (closest to hydrophobic surface) is
expected to contain GGM moieties with high number of acetyl groups that partially
penetrate the hydrophobic layer. Therefore, we denote this layer as the transition layer.
The outer layer, on the other hand, is expected to be highly hydrated containing GGM
chains with low acetylation degree. Here, the roughness between the transition and
the outer GGM layer indicates Gaussian distribution of polymer chains without sharp
borders. The scattering length density of GGM used to fit the data was adjusted for

the exchangeable hydrogens in sugar monomers. 1%
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Figure 3.7 Neutron reflectivity curves of pure hydrophobic surface (dark red in D,O and dark
blue in H,0) and after adsorption of TMP (light red in D,O and light blue in H,0). Solid black
lines represent the theoretical fit. The inset illustrates the scattering length density (SLD) profile
as a function of distance from the Si surface based on the fitting with the numbers indicating
layers described in Table 3.4.

According to the fit, the transition layer is 4 A with 14 % of the coupled solvent.
The outer layer, however, is 210 A. The layer is highly hydrated confirming the res-
ults obtained with ellipsometry and QCM-D but much smaller than the measured
hydrodynamic radius of the polymer suggesting that TMP takes a relatively flat con-
formation on the hydrophobic surface.

Table 3.4 Parameters obtained from the fitting of NR data measured in D,O and H,O. The
numbers correlate to the layer numbers in the SLD profile in Figure 3.7.

1 2 3 4
SiO, Hydrophobic layer Transition layer GGM
D,0 | H0 D,0 | H0
SLD [10° A% 3.47 0.44+0.02 | 0.68+0.08 | 0.54+04 | 34401 | 1.9£05
Layer thickness [A] 156+£0.2 158 £0.1 4.0+0.2 210 £ 11
Solvent content [v/v, %] | 8.7 & 0.6 6.9+ 0.3 14 +1 97.1 £ 0.1
Roughness [A] 8.2+0.1 8.3 +0.1 2.14+0.2 97 + 13
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3.2 Hemicellulose adsorption to cellulose surfaces in relation

to cellulose film crystallinity

3.2.1 Morphology of the bacterial cellulose films in air and liquid envir-

onment

In this study the adsorption of the hemicellulose samples to the spin-coated bacterial
d-cellulose (d-BC) films was investigated. The morphology of the films was imaged
with AFM in air and liquid conditions in order to follow cellulose swelling.

Figure 3.8(a) presents topography features of a typical d-BC surface in air imaged in
non-contact mode. A matrix of randomly distributed cellulose fibrils (up to 12 nm in
height) uniformly covers the silica substrate. The root mean square surface roughness
of the film is 3.6 nm. Topography profile observed here resembles that of the spin-
coated microcrystalline cellulose film highlighted in the previous section in Figure 3.4
with the rms of 3 nm.

(a) (b)

Figure 3.8 AFM topography profile of the bacterial d-cellulose imaged in air (a) and liquid (b)
environment in non-contact mode.

Upon contact with water (Figure 3.8(b)), the lateral dimensions of fibrils increased
and subsequently the features of the network became less pronounced. The roughness
of the swollen film increased to 4.3 nm as compared to the film imaged in air.
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3.2.2 Cellulose film crystallinity

The degree of crystallinity of the spin-coated d-cellulose film was evaluated using
ATR-FTIR. The dry films were exposed to a saturated D,O and H,O vapor envir-
onment in order to reveal the number of the non-exchangeable hydroxyl groups.
Every sugar unit of the cellulose chains contains three -OH groups at C(2), C(3)
and C(6) that in a fully amorphous state once in contact with deuterium atoms are
rapidly exchanged. The hydroxyl groups in the crystalline regions, however, are not
accessible to the solvent due to a very strong binding between cellulose chains. 1077199
IR technique is sensitive to the atomic mass which makes it a perfect tool to follow

the H-D exchange.

The FTIR spectra of the spin-coated non-deuterated and deuterated bacterial
cellulose films under various conditions are presented in Figure 3.9 and Figure 3.10,
respectively.

— dry h-BC
— h-BC in D,0O 30 min
— h-BCin D,O 2h

— h-BCin H,O
— redried h-BC

Absorbance

4000 3500 3000 2500 2000 1500 1000
wavenumber [cm'1]

Figure 3.9 FTIR spectra of h-BC film in air (dark blue), in D20 vapor after 30 min (dark red), in
D20 vapor after 2 hours (dark gray), in H20 vapor (green) and redried (light gray).

The spectra of the films in the dry state contain two main regions: an -OH stretching
band between 3600-3200 cm™! and a cellulose fingerprint region between 1550-
900 cm . The cellulose fingerprint region consists of the overlapping peaks resulting
from the stretching vibrations of C-C, C-O, skeletal and ring vibrations. %113 The
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dry spectrum in Figure 3.9 contains a peak at 2900 cm ™! corresponding to the C-H
stretching. This peak is shifted to 2100 cm™! frequency in the spectrum of the dry
d-BC film (Figure 3.10) arising from the C-D stretching instead. !4

— dry d-BC

— d-BC in D,O 30 min
— d-BCin D,O 2h

- — d-BCin H,O

— redried d-BC

Absorbance

4000 3500 3000 2500 2000 1500 1000
wavenumber [cm™]

Figure 3.10 FTIR spectra of d-BC film in air (dark blue), in D20 vapor after 30 min (dark red),
in D20 vapor after 2 hours (dark gray), in H20 vapor (green) and redried (light gray).

Upon contact with a saturated D, O vapor, the intensity of the -OH peak decreased
and a new peak at 2500 cm ™! appeared corresponding to -OD elongational vibra-
tions. Although, the intensity of the -OH band decreased significantly, the peak did
not disappear completely in both types of cellulose films.

D,0O vapor was replaced by H>O vapor once the exchange was complete and
no further changes were observed in peak intensities of -OH and -OD. A sudden
increase in the -OH beyond the initial intensity along with a decrease in -OD peak
were observed in the spectra of the deuterated and non-deuterated cellulose. In
addition, a new peak appeared at 1635 cm™! corresponding to the presence of
free water molecules in both films. Interestingly, not all of the deuterium atoms
exchanged back to hydrogen as evidenced by the remaining -OD band even after
redrying. The so-called resistant -OD groups have often been reported in literature
in relation to the H-D exchange in cellulose. The deuterium atoms are believed to be

trapped due to recrystallization during wetting and drying cycles. 109-112:115116
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The kinetic curves of the H-D exchange in the spin-coated deuterated and non-
deuterated cellulose films are presented in Figure 3.11. The reaction was assumed
to follow a pseudo-first-order kinetics described by Equation 3.2117

0H) |

where [OH]y and [OH], are the area of the -OH peak at 0 and t time point,

respectively.

The deuterated and non-deuterated cellulose films follow a similar kinetic trend.
The most rapid exchange occurs during the first 1-2 minutes with a slightly faster
exchange in the d-BC compared to the h-BC film possibly due to a less crystalline
character of the former. The exchange rate decreases significantly after that and
continues to decrease for 2 hours until a steady state of the reaction is reached. The
exchange process in cellulose is often described by a two-step model. The first step
of the exchange occurs in the amorphous regions of the layer which may take from
15 min to a couple of hours. The second step takes much longer as it occurs on the
surface of crystalline planes or at irregularities which are less accessible. 19%-112:117-119
Each of the exchange curves presented in Figure 3.11 can be fitted with two

exponential decays suggesting that the films contain two regions with distinct kinetic

behavior. 11?
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Figure 3.11 The change in the area of the -OH signal with time in A-BC (blue circles) and d-BC
(black circles). Red lines represent fits to the exponential decay.
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The number of the exchanged hydroxyl groups (ron) was estimated according to
Equation 2.10 and is equal to 73 % in the deuterated cellulose film and 61 % in the
non-deuterated cellulose film. The higher rop in the d-BC film is expected since
the kinetic experiments demonstrated a more rapid exchange to that in the A-BC
film. A possible explanation for the difference could be slight variations during
the cellulose dissolution or spin-coating step as the deuteration of the cellulose
backbone has been shown not to affect the molecular or morphological properties
of cellulose. % Bacterial cellulose is known to have cellulose I type of crystalline
arrangement with chains aligned in a parallel manner. The number of the accessible
-OH groups in cellulose I has been reported to be 6 - 21 % depending on the
reaction conditions. 19114 In solution, however, the crystalline network is disrupted,
resulting in a higher amount of accessible -OH groups. The solubilization of a
bacterial cellulose in N-Methylmorphine- N-oxide monohydrate (NMMO) has been
shown to decrease the degree of crystallinity from 79 % to 38 %.2° Here, a different
solvent was used but a comparable degree of crystallinity was observed after the
dissolution.

Sugar monomers in the cellulose chains are connected via intra- and intermolecular
hydrogen bonds at positions O(2)H- - -O(6), O(3)H- - -O(5) and O(6)H: - -O(3)
as demonstrated in Figure 3.12. The molecular stretching of these bonds gives rise
to a broad -OH peak. Deconvolution of this peak revealed that it consists of several
absorption bands centered at 3460 cm~ !, 3340 cm~! and 3230 cm ™! corresponding
to O2)H- - -0(6), O(3)H- - -O(5) and O(6)H- - -O(3) bonds, respectively. 112115

Figure 3.12 Schematic representation of inter- and intramolecular hydrogen bonds in two par-
allel cellulose chains.

The difference spectra, derived from subtracting the spectrum taken at a first time
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point from the spectrum taken at a certain time point, are presented in Figure 3.13.
Once the cellulose films were exposed to a DO vapor, the reaction started with the
exchange on the intramolecular bond O(2)H- - -:O(6). The exchange on this group
continued throughout the experiment in both deuterated and non-deuterated cellu-
lose. The exchange on O(3)H- - -O(5) bond also started early in the experiment but
with a lower intensity. The least affected bond was the intermolecular O(6)H- - -O(3)
bond in both deuterated and non-deuterated cellulose films. Hofstetter ez al. has
previously noted that most of the exchange occurs on the intramolecular bonds. '*?
Although, the intermolecular bonds have a weaker character and therefore are expec-
ted to be more susceptible to the exchange, the hydroxyl groups at O(2) position have

been reported to be more reactive. 1217123
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Figure 3.13 Change in difference spectra of 4-BC (a) and d-BC (b) films in D20 vapor with
time with a step of 3 min.
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3.2.3 Structure of the cellulose films

The spin-coated cellulose films were probed with neutron reflectometry in order
to determine structural properties of the layer. First a bare silicon surface was
characterized in three isotopic contrasts: DO, H,O and water contrast matched to
silicon (CMSi, SLD=2.07x10"% A=2). The obtained data in different contrasts was
then fit simultaneously to a model consisting of the SiO; (SLD=3.47x10"¢ A2)
layer. The results obtained from the fitting of the bare silicon substrates can be found
in the supporting information of Paper 11. A cellulose film was then spin-coated
on the characterized silicon substrates and the reflectivity curves for the cellulose
films were recorded in three isotopic contrasts as for the bare silica. The reflectivity
curves of a typical bare silicon substrate and the one with a spin-coated d-cellulose
film are presented in Figure 3.14. As mentioned earlier, every glucose unit in the
cellulose backbone contains three exchangeable hydrogen atoms, therefore, the
SLD of cellulose layer is highly dependent on the contrast. The expected SLD of
d-cellulose in D,O is 6.85x10~° A=2 which is close to the SLD of D,O (6.35x10~°
A~2) resulting in a poor contrast in this solvent and thus almost fully overlapping
reflectivity curves from the bare and coated substrate.
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Figure 3.14 Neutron reflectivity as a function of momentum transfer (Q) of bare silica surface
(filled symbols) in D,0O (dark red rectangle), H,O (dark blue circle), CMSi (dark green rhombus)
and d-cellulose surface (empty symbols) in D,O (pink rectangle), H,O (light blue circles), CMSi
(light green rhombus). Solid lines represent theoretical fit. The inset illustrates the scattering
length density (SLD) profiles as a function of distance from the Si surface.

A muldilayer slab model consisting of SiO; and two cellulose layers was used to fit the
reflectivity data of d-cellulose and account for differences perpendicular to the surface
of the film (Figure 3.15). This approach has been previously applied to evaluate the
structure of bacterial cellulose films.1%¢ A model with an additional layer next to the
silicon surface (Layer 0), i.e. a three layer model was applied to one of the samples
(sample 2) which significantly improved the goodness of fit. The Layer 0 was found
to be 6 A thick, with about 4% of trapped H,O that is inaccessible to the different
contrasts. A possible explanation for the presence of trapped water in this layer could
be the insufficient drying during the preparation of the film. Due to a highly hy-
drophilic character, cellulose accumulates water from the surrounding environment.
Strongly bound water present in various cellulose samples has been widely reported

in literature. 124126
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Figure 3.15 Schematic representation of the model used to fit the reflectometry data before
and after hemicellulose adsorption on cellulose surface.

€5 v Hemicellulose

The expected SLD of d-cellulose in D,O and H,O are 6.85x107° A2 and
5.33x107¢ A=2, respectively. However, these values are only valid if all of the
hydrogen atoms are exchanged with deuterium and vice versa. The higher amount
of the inaccessible hydrogen, the lower the SLD of the cellulose layer in the D,O
contrast. In a similar way, the H,O isotopic contrast would indicate the presence of
the trapped deuterium atoms. With this in mind, the SLD values were not fixed to
the expected values but instead were fitted within a reasonable margin. The obtained
SLD of d-cellulose films (samples 1-5) in three isotopic contrasts are demonstrated
in Figure 3.16. It should be noted that the film in sample 3 was only characterized
in the CMSi and H,O contrasts due to time constraints.

Indeed, the determined SLD values of d-cellulose Layer 1 are lower than the
theoretical values indicating the presence of up to 10 % of the inaccessible hydrogen
atoms. As it was mentioned earlier the films are almost fully matched out in the D,O
contrast, therefore the observation should be taken with caution. It is worth noting,
however, that a similar degree of the non-exchanged hydrogen atoms was observed
with ATR-FTIR. The SLD of the outer layer (Layer 2) is slightly higher than it was
determined for Layer 1 but still lower than the expected values, suggesting a more
crystalline character of the inner layer.

In the H,O contrast, the SLD values of the cellulose films are higher than the
expected ones possibly due to the resistant deuterium atoms since the film was first
exposed to the D,O solvent. The ATR-FTIR studies also showed the presence of the
resistant -OD groups in the H,O vapor environment, as well as in air after contact
with D,O (Figure 3.10).
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Figure 3.16 Scattering length density (SLD) values obtained from the fit of NR data to the
model of Layer 1 and 2 in d-cellulose films (1-5) in D,0O (red circles), CMSi (green rhombus) and
H,O (blue rectangles). Red and blue dash lines represent the theoretical SLD values of d-cellulose
in D,0 and H, 0, respectively.

The results obtained from the NR studies of cellulose films are summarized in
Table 3.5 along with the results from the hemicellulose adsorption experiments
which will be discussed in the following subsection.

The overall thickness of the cellulose films varies between 100 and 150 A. All
films have relatively similar features including a thin and smooth inner layer (Layer 1)
and a ticker and rougher outer layer (Layer 2). It should be noted that film 3 has
much higher roughness of the inner layer which could be explained by the fact that
the film was prepared from a different batch of cellulose solutions as compared to the
rest of the samples. Based on these observations and the previous discussion about
the SLD values, we can speculate that the inner layer of the spin-coated cellulose films
contain a significant number of cellulose crystallites whereas the outer layer mainly
comprises amorphous cellulose fibrils. Cellulose films are highly swollen with the
solvent penetration above 75 % throughout the film. The ability of cellulose fibrils
to accumulate large amounts of water has been widely discussed.?*25:127-129 High
degree of swelling was observed even in the previous section but with a spin-coated
microcrystalline cellulose films. Another important feature of the d-cellulose films
is the solvent gradient from the inner to the outer layer. The different solvent dis-
tribution has been previously observed with the spin coated cellulose films possibly
due to a molecular confinement or due to effects of the supporting substrate. '
Surprisingly, the solvent content is higher in the inner layer despite the higher degree
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of crystallinity. However, water accumulation between crystalline plates has been
reported in literature in the films prepared with the dispersed cellulose nanocrystals. *>

Table 3.5 Thickness (T), solvent volume fraction (V) and roughness (R) of cellulose (C) layers
before and after addition of the mannan-based polysaccharides obtained from the fitting of a
two or three layer model to the NR data. Here SP is steam extraction and TMP is thermomech-
anical pulp galactoglucomannans, LBG* is 107 kD locust bean gum galactomannan and LBG is
the corresponding higher molecular weight sample (556 kD), GG is guar gum galactomannan.

1 2 3 4 5
Layer | Parameter | C | SP | C | TMP | C | LBG* | C | GG | C | LBG
T [A] 6
0 V [vlv, %] 4
R[A] 1
TA] |37 27 58| 66 |38 39
1 [ VIviv,%] | 82 83 75| 64 |81 85
RA] |1 0.3 371 20 | 2 1

T [A] 741 83 | 87 | 98 |94 | 103 | 66| 72 | 78 | 100
2 [ VIviv% 69| 21 [ 72] 55 [72] 67 [72] 54 |73 67
R [A] 69 58 [ 45] 66 [69] 57 [60] 58 |69 ] 55

T [A] 178 148 130 122 124
3 V [vlv, %] 94 94 81 82 92
R [A] 34 45 65 65 43

3.2.4 Hemicellulose adsorption to the bacterial cellulose surfaces

The mannan samples were added to the reflectometry cell after the spin-coated cel-
lulose films were characterized in three isotopic contrasts. As soon as the adsorp-
tion reached steady state, the cell was rinsed and the reflectivity was measured once
more in three isotopic solvents. The typical reflectivity curves of the hemicellulose
adsorbed to the spin-coated d-cellulose surface in the H,O and the CMSi along with
the corresponding neat cellulose curves are presented in Figure 3.17. Similarly to
cellulose, hemicellulose contains exchangeable hydrogen atoms yielding a different
SLD value depending on the contrast. The expected SLD of hemicellulose in D, O is
3.19x10~° A=2 whereas in H,O it is 1.78x10~° A=2. The largest shift can be seen in
the H,O isotopic contrast, however small changes are noticeable even in the CMSi.
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Figure 3.17 Neutron reflectivity as a function of momentum transfer (Q) of d-cellulose surface
(filled circles) in H,O (black), CMSi (dark red) and the adsorbed GG (empty circles) in H,O (gray),
CMSi (light red). Solid lines represent theoretical fit. The inset illustrates the scattering length
density (SLD) profiles as a function of distance from the Si surface.

A model consisting of the intact cellulose layer and an added hemicellulose layer was
fitted to the experimental data. However, the goodness of the fit was unsatisfactory
for all of the mannan samples. A new model that allows the penetration of hemicel-
lulose into the outer layer (Layer 2) of the cellulose film (and inner layer, in case of
sample 3) was, therefore, used. The summary of the results obtained by applying this
model to the reflectivity curves of the hemicellulose samples is presented in Table 3.5.

The mannan-based polysaccharides were found to diffuse into the outer layer
of the cellulose film, resulting in a thicker and denser layer as demonstrated by
the decreased solvent volume fraction as compared to the pure cellulose layer in
Table 3.5. The inner layer of the cellulose, however, remains intact possibly due to a
certain degree of crystallinity as discussed earlier. The added layer (Layer 3) is highly
solvated (81 - 94 %) which has been observed with these types of mannans adsorbed
on a hydrophobic surface in the previous section. !3°

The adsorbed amount (I') of the hemicellulose samples in each of the layers was
estimated from the SLD of the layer. The results are summarized in Table 3.6. The
total I of the mannan samples was between 3.3 and 6.6 mg m~2. The adsorption
does not seem to follow a similar trend as observed in the previous section in the
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ellipsometry experiments. However, once the adsorbed amount was normalized
to the cellulose film thickness, the trend relating the mannan properties to the
adsorption can be observed. The adsorbed amount in the cellulose film decreases
in the following order SP>TMP>LBG*>LBG. The highest adsorbed amount was
obtained with SP GGM (89 kg m—>) which has the lowest molecular weight, as
well as the galactose substitution degree. The mannan with the highest molecular
weight (LBG) and the highest branching degree similar to TMP and LBG* yielded
the lowest adsorbed amount (42 kg m™3). Based on these observations, the fairly
open and porous nature of the cellulose surfaces (as evidenced by topography profile
in Figure 3.4) is likely to allow a higher number of smaller molecules to diffuse into
the cellulose layer. In addition, as it has been demonstrated in the previous section,
SP is more flexible than the rest of the mannans due to a significantly lower galactose
substitution degree which makes it easier to occupy the pores in the cellulose layer. '3°
The mannan with the highest substitution degree (GG) yielded a relatively high
adsorbed amount despite having the highest substitution degree which suggests that
the adsorption was possibly affected by the high polydispersity of the sample or
effects of the spin-coating.

Table 3.6 SLD of the layers after addition of hemicellulose obtained from the fitting of NR data
and the calculated adsorbed amount of hemicellulose in each layer (Iy) the total and normal-
ized adsorbed amount of the hemicellulose, as well as the normalized adsorbed amount of the
cellulose layer (I'c).

Layer | Parameter | SP | TMP | LBG* | GG | LBG
. SLD [107¢ A2 4.50
M [mg m—?] 1.0

5 SLD [10°A™2] | 3.49 | 3.52 | 5.12 | 3.55 | 4.09

M [mg m~7] 54 | 34 | 08 | 27 [ 20

3 SLD [10°A™2] [ 274 ] 251 | 256 | 2.65 | 2.44

My [mg m™?] 1.2 | 1.1 29 | 26 | 12

Total Ty [mg m 2] | 66| 45 | 47 | 53| 33

Normalized total Iy [kg m’3]‘ 89 ‘ 52 ‘ 50 ‘ 80 ‘ 42
Normalized Tc [kgm™] | 116 | 41 | 39 | 41 | 40

These results, however, are contradictory with the results demonstrated in the previous
section where the mannans with the highest molecular weight yielded the highest
adsorbed amount on the cellulose surfaces. Assuming that the type of cellulose used
for the preparation of the films did not have a significant effect on the adsorption, it
can be speculated that the difference arose from a much higher concentration of the
hemicellulose samples (0.6 mg mL™!) used in this study compared to the previous
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work (0.02 mg mL™1). This indicates that the adsorption of these mannans on the
cellulose surfaces follows contrasting tendencies depending on the concentration. The
adsorption of small molecules is less favorable in the low concentration regime due
to the loss in translational entropy of these species. The opposite happens in the high
concentration regime where small polymers adsorb with a higher intensity to prevent
the loss in conformational entropy of large species. 3! Here, the effect is elevated due
to the porosity of the cellulose film that restricts diffusion of large molecules inside

the film.
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Physico-chemical properties
of compounds derived from
hemicellulose

By now you should already be intriqued by the nature of hemicellulose. However, if
you are not yet absolutely convinced that hemicellulose is an excellent and versatile
material, this chapter is for you. By use of certain tools, hemicellulose can become the
basis for a variety of different compounds. Here, I focus on three types of composites
that were created by utilising hemicellulose as a raw material: lipid liquid crystalline
nanoparticles, thermo-responsive glycopolymers and alkyl mannooligoside surfact-
ants. Since this thesis is written from the physical chemistry point of view, I will not
go into details of synthesis but rather focus on the characterisation of structure and
physico-chemical properties of these compounds.

4.1 Bicontinuous cubic liquid crystalline phase nanoparticles

stabilised by softwood hemicellulose

Lipid self-assembly in water is an intriguing phenomenon that has already found
its use in a variety of applications in food and pharmaceutical industries. Glycerol
monooleate or simply monoolein (GMO) is the most commonly used lipid for the
preparation of cubic phase nanoparticles in water. 3132133 However, in order to pre-
vent particles from aggregating and decrease size polydispersity, a stabilizer is often
added to the formulation. In this section, I will show how softwood hemicellulose
can be used as a stabilizer for such nanoparticles.
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4.1.1 DPreparation method optimization

For the stabilization of cubic phase nanoparticles two softwood hemicellulose samples
were tested - from thermomechanical pulp mill (TMP) and from spent-sulphite liquor
(SSL). Table 4.1 shows a summary of the main ingredients in each sample. In the
thermomechanical process, the cellulose fibres are mechanically separated under high
temperature and pressure, which is fairly ineffective for lignin removal. Therefore
process waters usually contain mainly water-soluble hemicelluloses with a very low
content of lignin (1.26 % in our case). Spent-sulphite liquor, on the other hand, is
the by-product of a chemical process which is much harsher and therefore usually
contains a substantial amount of lignin. Samples used in this study were additionally
purified with ultrafiltration, diafiltration and anti-solvent precipitation in order to
decrease the lignin content, however there was still 7.3 % of lignin present in the SSL
extract.

Table 4.1 The chemical composition of the TMP and SSL hemicellulose samples shown as
weight percentage of total dry solids (TDS).

Wt % of TDS

TMP | SSL
Ash 0 2.02
Lignin 1.26 7.3

Carbohydrates
Arabinose 0 1.1
Galactose 104 | 18.7
Glucose 8.8 14.8
Xylose 4.7 7.05
Mannose 76 30.8
Cellobiose n.d. 1.14
Acids

Lactic acid n.d. 1.68
Acetic acid nd. | 3.99
Formic acid n.d. 1.63
Levulinic acid n.d. 2.17
Furfural n.d. 1.25
Hydroxymethylfurfural | n.d. | 0.62

A top-down approach was used to prepare the formulations where first a thin lipid
film was created on the walls of a sample vial and then, after adding hemicellulose
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solution (3 mg mL™!), the coarse dispersion was sonicated with a tip sonicator
to break the film apart and force lipid molecules to self-assemble into cubosomes.
Figure 4.1 presents SAXS curves for different preparations of the dispersion with
varying concentrations of GMO and sonication times. The Bragg peaks with the
highest scattering intensity were observed for the sample with 10 mg mL™! of GMO
and sonication time of 12 and 15 min. However, after 15 min of sonication, the
Bragg peaks in scattering curve are slightly shifted to lower g values, indicating a
larger lattice parameter and water channel radius.
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Figure 4.1 SAXS curves of the TMP-NPs at 2.5, 5 and 10 mg mL~! of GMO with 15 min of
sonication time (a) and after 4, 8, 12 and 15 min of sonication time (b) at 10 mg mL~! GMO
concentration. Numbers indicate Miller indices.

The DLS results in Figure 4.2 demonstrate that the size and PdI of the nanoparticles
is fairly stable after 5 min of sonication. Since larger pores of the nanostructure are
more desirable for the encapsulation purpose of hydrophilic drugs, all formulations
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were prepared by sonicating for 15 min.
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Figure 4.2 Change in Dy, (blue circles) and Pdl (green triangles) of TMP-NPs with sonication
time.

4.1.2 Characterization of the NPs

Structure and morphology of the nanoparticles was studied with SAXS and cryo-
TEM. Figure 4.3 shows scattering curves of the TMP- and SSL-stabilized nano-
particles. Both of the scattering profiles contain two clearly visible Bragg peaks sug-
gesting a presence of a highly ordered structure. Based on the peak positions, a lattice
parameter and water channel radius was determined for each formulation. As indic-
ated in Table 4.2, both of the samples contain Pn3m phase cubosomes with 100 A
lattice parameter and water channels with radius of 22 A which is similar to the re-

ported data in literature on the cubosomes stabilized with Pluronics. 132134135
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Figure 4.3 SAXS curves of the TMP-NPs (dark blue) and SSL-NPS (red) formulations. Numbers
indicate Miller indices.

In excess of water, monoolein is known to assemble into Pn3m cubic phase nan-
oparticles, however addition of the commonly used Pluronics stabilizers affects the
internal structure of the cubosomes resulting in a mixture of Pn3m and Im3m.34
Cubosomes with the Pn3m phase can be more advantageous as drug delivery systems
due to smaller pores if a slower release of small hydrophilic molecules is required. 3¢

Table 4.2 Type of the cubic phase, lattice parameter (a) and water channel radius (r,) of TMP-
NPs and SSL-NPs formulations determined from SAXS curves seen in Figure 4.3.

Sample | Phase | a+ SD[A] | r, & SD [A]

TMP-NPs | Pn3m | 99.6+0.8 | 21.9+03
SSL-NPs | Pn3m | 98.7£0.4 | 21.6£0.1

The hydrodynamic diameter (D) and C-potential of the nanoparticles was de-
termined with DLS and electrophoretic mobility measurements, respectively. As
shown in Table 4.3, cubosomes in both of the formulations are around 150 nm in
diameter with the PdI of 0.2. These parameters correlate well with the cubosome
formulations reported in literature using other types of stabilizers. 32137 Despite
the fact that the particles in two dispersions are quite similar in size and Pdl, the
derived count rate of the SSL-NPs is more than double than that of the TMP-NPs
sample. Such a difference indicates a much higher amount of the dispersed phase in
the SSL-stabilized formulation. This is not surprising since the SSL-NPs dispersion
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has a higher C-potential suggesting a better electrostatic stability. However, it
has been previously shown that stabilization of emulsion with hemicellulose is
mainly driven by steric repulsion.!*® The (-potential of hemicellulose extracts is
in range with the ones reported in literature. '3 The charge of extracts is believed
to be mainly caused by the presence of acidic groups since galactoglucomannans
are neutral polysaccharides.!?® Interestingly, C-potential of both of the formula-
tions is higher in magnitude compared to the pure hemicellulose extracts. This
phenomenon has previously been observed for the monoolein formulations sta-
bilized with non-ionic stabilizers.37-140 The apparent negative charge is suggested
to be caused by a selective adsorption of hydroxide ions at the lipid-water interface. 14!

Table 4.3 Apparent average hydrodynamic diameter (Dy,), polydispersity index (Pdl), derived
count rate, ¢-potential and pH of pure TMP and SSL extract, as well as TMP-NPs and SSL-NPs
determined at 25°C.

Sample ‘ Dy, £ SD [nm] ‘ PdI & SD ‘ Derived count rate &= SD ‘ C-potential = SD [mV] ‘ pH

TMP-NPs 151 +1 0.21 £ 0.02 940 £ 3 -37.7 £ 0.8 6.39
SSL-NPs 152.24+0.9 | 0.19 £0.01 2032 £ 20 -49.5+ 0.6 6.52
T™P - - - -10£1 6.44
SSL - - - -14.8 £ 0.2 6.58

Morphology of the nanoparticles was studied with cryo-TEM. Figure 4.4 shows
micrographs of the TMP-NPs and SSL-NPs formulations. In both of the samples
cubosomes were observed with dimensions similar to the ones obtained with DLS.
Insignificant amount of vesicles was also present in the formulations (Figure 4.4B
and C). After applying 2D Fourier transform filter to the images of the cubosomes, a
lattice parameter of the nanoparticles was determined. Obtained lattice parameters
are 89 A for TMP-NPs and 110 A for SSL-NPs characteristic to Pn3m phase which
agrees well with values calculated based on the SAXS data.

In addition to cubosomes and vesicles, large, irregular fractal-like structures
were present in the TMP-NPs dispersion. Structures of similar type have previously
been shown to arise from the assembly of a variety of hemicellulose samples including
the ones described in Chapter 3 of this thesis.3*13° We can speculate that since
these objects are absent in the SSL-NPs micrographs, most of the hemicellulose is
associated with monoolein in cubic phase nanoparticles. The SSL extract contains
a larger amount of lignin that is strongly associated or even covalently bound
with hemicellulose. Due to its hydrophobic nature, lignin would interact with
hydrophobic part of monoolein and the associated hemicellulose would sterically
stabilize the nanoparticles.
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Figure 4.4 Cryo-TEM images of the TMP-NPs (A and B) and SSL-NPs (C and D) sample at
10 mg mL~! of GMO. Insets represent cubosome interanal structure after applying 2D Fourier
transform filter to the images. The scale bar is 200 nm (A and C) and 100 nm (B and D).

4.1.3 Stability of the nanoparticles

As was already mentioned before, one of the main potential applications for cubic
phase dispersions is drug encapsulation and delivery. Therefore, stability of the for-
mulation under physiological conditions is of utmost importance. For this reason, the
size and PdI of the cubosomes was followed for 4 hours after diluting with phosphate
buffered saline (PBS, pH 7.4, 0.01 phosphate buffer, 0.0027 M potassium chloride
and 0.137 M sodium chloride). Results of the study are summarized in Figure 4.5.
The diameter of the nanoparticles in both of the formulations has increased after
adding the buffer, however to a much higher extent in the TMP-NDPs sample. Similar
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trend was observed with polydispersity.

800
700 ~0.25
_. 600 - 0.20
£
£
S 500 Los P
° g
400 -0.10
300 +0.05
2ooj‘ ‘ ‘ ‘ - fooo
1 2 3 4
Time [hours]

Figure 4.5 Change in hydrodynamic diameter (circles) and polydispersity (triangles) of TMP-NPs
(blue) and SSL-NPs (red) in PBS buffer with time.

The difference in the sample behavior under physiological conditions might be ex-
plained by the drastic decrease in (-potential after diluting with PBS buffer. As shown
in Table 4.4, the negative charge of the SSL-NPs has fallen to -7.4 while in case of the
TMP-NPs it is almost neutral. Similar change was observed with the hemicellulose
extracts.

Table 4.4 (-potential of TMP-NPs, SSL-NPs, as well as TMP and SSL extracts in PBS buffer.

Sample ‘ C-potential = SD [mV]

TMP-NPs -0.9 £ 0.4
SSL-NPs -74+£09
T™P 142

SSL -6£2

The internal structure of the nanoparticles in PBS buffer was evaluated with SAXS
since the elevated ionic strength might have caused a change in the phase of the
cubosomes as it has been previously reported in literature. 142143 The scattering pro-
files (Figure 4.6) demonstrate that the SSL-NPs formulation has retained the internal
structure as determined from the positions of the Bragg peaks. The peaks are, how-
ever, absent in the scattering curve of the TMP-NPs dispersion indicating that the
internal structure has been disrupted. This suggests that stabilization of the cubic
phase nanoparticles was mainly caused by the presence of the charged groups.
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Figure 4.6 SAXS curves of TMP-NPs (dark blue) and SSL-NPs (red) in PBS buffer. Numbers

indicate Miller indices. The scattering profile of the TMP-NPs was shifted upwards by a factor of
0.01 for clarity.

In addition, stability of the formulations in water was followed over 42 days time
period. Figure 4.7 shows a summary of the results. Both of the dispersions are fairly
stable over the whole period of time with an insignificant change in the apparent
size and PdI. This only confirms that the TMP and SSL extracts are able to provide
colloidal stability to monoolein cubosomes and prevent flocculation with time.
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Figure 4.7 Change in hydrodynamic diameter (circles) and polydispersity (triangles) of TMP-NPs
(blue) and SSL-NPs (red) with time.
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4.2 'Thermo-responsive glycopolymers based on V-
isopropylacrylamide (NIPAm) and 3-mannosyl acrylates

NIPAm polymers are widely known for their thermo-responsive behavior with the
lower critical solution temperature (LCST) at ~32°C. 144 At this temperature, water
becomes a poor solvent leading to a collapse of the polymer backbone. The LCST is
sensitive to the molecular weight, as well as the nature and amount of the substituted
groups. Introduction of hydrophilic groups in the poly(NIPAm) structure has been
shown to lead to a shift in the LCST. 4445145
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Figure 4.8 Main constituents and the expected molecular structure of the glycopolymers.

Here, the influence of 3-mannosyl acrylate side groups (M,EMA) on the thermo-
responsive behavior of the poly(NIPAm) polymers was evaluated. Mainly the impact
of two factors was studied: the amount of mannose units in the M,EMA group
(1 or 2) and the degree of substitution. The structure and morphology of the
polymers with different amount of either M{EMA or MyEMA was compared at
different temperatures (see Figure 4.8). Composition and designation of the samples
characterised in this section is shown in Table 4.5.
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Table 4.5 Polymer composition and designation of the synthesised glycopolymers.

Polymer type Designation | M,EMA [mol/mol]
PIM1 0.08
Poly(NIPAM-co-M; EMA) PIMI 0.18
P1M2 0.03
Poly(NIPAM-co-M,EMA) P2M2 0.16
P3M2 0.18

4.2.1 Structure and morphology

Structure of the polymers was studied with SAXS at 25°C and 50°C. Figure 4.9 shows
the scattering curves of Poly(NIPAM-co-M; EMA) with different M substitution de-
gree at two temperatures.
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Figure 4.9 SAXS curves of P1M1 (yellow rhombus) and P2M1 (green circles) at the initial con-
centration at 25°C (filled symbols) and 50°C (empty symbols). Solid lines are fits to the corrected
Beaucage model. Red arrows indicate a transition region.

The scattering behavior of the polymers at 25°C exhibits a change in the power-law
decay through the extended g-range that results from a self-similarity in the morpho-
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logy of the polymer.14¢ This kind of behavior has already been observed with GGM
samples described in Chapter 3 where the Beaucage model that describes fractal
objects as a collection of small connected cylinders was used to fit the scattering
curves of the polysaccharides. 8147 The same model was used to fit the scattering
profiles shown in this section.

The glycopolymers exhibit a similar scattering behavior at 50°C to that at 25°C but
with higher d values at the transition from an intermediate- to a low-¢ range. The
rapid increase in the intensity (~ ¢%) is known as Porod behavior that describes
compact objects with sharp interfaces indicating that polymers are collapsed; as
expected for p(NIPAm) above the LCST.!%® Similar change in the power-law
behavior with temperature has been previously reported for thermo-responsive
149,150

triblock copolymers containing p(NIPAm) blocks.

Along with the increase in the exponent, the transition region shifts to higher
q values at 50°C for both polymers indicating a reduction in the size of a subunit
or increase in flexibility of the polymer chain. Table 4.6 presents a summary of
the results obtained by fitting M1 scattering curves to the Beaucage model. The
radius of gyration at 25°C is 89 nm and 75 nm for PIM1 and P2M1, respectively.
Despite the fact that R, decreases with the increased amount of sugar substitution,
the persistence length stays constant at 24 nm. This is surprising since bulky sugar
side groups tend to render chain less flexible as we have previously observed with
softwood hemicellulose and galactose side groups.!3® However, hydrogen bonding
or hydrophobic interactions between sugar side groups might enforce a closer contact
amongst the p(NIPAm) chains resulting in a more compact morphology. Above the
LCST, both the overall size of the particle and the size of the subunit decrease which
indicates a collapse of the whole structure.

Table 4.6 Parameters obtained from the fitting of P1M1 and P2M1 SAXS data at 25°C and
50°C to the corrected Beaucage model.

25°C 50°C
Model Parameters | P1M1 | P2M1 | P1M1 | P2M1
Rg [nm] 89 75 57 55
d 3.70 4.40 4.70 3.90
Fractal object | Rgy, [nm] 14 14 8 5
Ly [nm] 24 24 14 9
dgub 1.52 2.00 1.60 2.90

Figure 4.10 shows scattering curves of M2 with different di-mannose substitution de-
gree at 25°C and 50°C. Di-mannose substituted glycopolymers have a similar scatter-
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ing behavior to the one observed with M1. Therefore, even here the Beaucage model
was applied to fit the data with the results are summarised in Table 4.7.
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Figure 4.10 SAXS curves of the P2M2 (dark blue square) and P3M2 (black circles) at the initial
concentration at 25°C (filled symbols) and 50°C (empty symbols). Solid lines are fits to the
corrected Beaucage model and polymer micelle model. Red arrows indicate a transition region.

Based on the results presented in Table 4.7, the R, and the persistence length of the
glycoconjugates with M2 side groups decreases as the degree of substitution increases
at 25°C. These observations are in agreement with the assumption that sugars
facilitate a closer contact between the polymer chains due to attractive interactions.
Similar to MjEMA, both R, and Ry of the di-mannose-substitued polymer
decrease significantly above LCST.

In addition to the Beaucage model, the scattering curves of M2 at 50°C have
also been fitted with a polymer micelle model. *>! This type of model is often used for
block copolymers that assemble into spherical particles with a dense core containing
polymer head groups and a corona with Gaussian polymer tails. !> Here, we assume
that the core mainly consists of poly(NIPAm) with the SLD of 0.1 X 107°A2and
the corona is made of M2 groups with the SLD of 0.145 x 107¢ A2, The results of
the fits using the polymer micelle model are also included in Table 4.7. According to
the fits from the polymer micelle model, the overall radius of the polymer particles
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is 44 nm and 36 nm for P2M2 and P3M2, respectively. Furthermore, both the core
and corona are smaller in micelles with a higher amount of di-mannose substitution.

Table 4.7 Parameters obtained from the fitting of P2M2 and P3M2 SAXS data at 25°C and
50°C to the corrected Beaucage model.

25°C 50°C
Model Parameters P2M2 | P3M2 | P2M2 | P3M2

Rg [nm] 85 80 47 37

d 3.30 3.20 4.65 3.42
Fractal object Ry, [nm] 12 5 8 3
Ly [nm] 21 8 15 b)

At 154 [ 150 | 227 | 215

R core [nm] 16 14

Ry corona [nm] 28 22
Polymer micelle Nhead 30 41
Vhead [nm3] 22 7

Vel [nm?] 322 100

The morphology of the glycoconjugates PIM1 and P2M2 at 25°C and 50°C was
studied with cryo-TEM. In addition, P2M2 was imaged at two different concen-

trations. Figure 4.11 shows cryo-TEM micrographs of the PIM1 glycoconjugate at
25°C and 50°C. The sample was diluted 10 times due to high viscosity.

(a) 25°C (b) 50°C

Figure 4.11 Cryo-TEM images of P1M1 at 10x dilution. The scale bar is 100 nm (a) and 200
nm (b). Circles highlight pearl shaped aggregates and elongated pearl necklace-like aggregates.
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At 25°C, small objects (20-40 nm in diameter) can be seen, where some of them are
assembled into elongated structures that resemble pearl necklace type conformation
about 80 nm long. These aggregates scem to rearrange and assemble into large
irregular disc-like structures above the LCST, as can be seen in Figure 4.11 (b).

The micrographs of the di-mannose substituted copolymer at the initial and
diluted concentration at 25°C are shown in Figure 4.12. Pearl-like aggregates that
sometimes assemble into elongated structures observed previously with M1 are
present even in this sample at both concentrations. However, a higher amount of the
elongated particles and even fractal-like structures are seen at higher concentration.

100 nm

(a) (b)

Figure 4.12 Cryo-TEM images of P2M2 at 25°C at the initial concentration (a) and 10x dilu-
tion (b). The scale bar is 100 nm. Circles highlight pearl shaped aggregates, elongated pearl
necklace-like aggregates and fractal-like structures.

Figure 4.13 shows the corresponding behavior of the M2 glycoconjugate at 50°C
at two different concentrations. Here, the effect of the concentration is more pro-
nounced than it was at 25°C. For the dilute sample, a large amount of globular ag-
gregates (50-60 nm) are present. Interestingly, even fractal-like structures of sim-
ilar dimensions can be found. At the initial concentration, however, the polymer is
mostly assembled into fractal structures and to a lower extent into globular aggregates.
This indicates that at high concentrations, the polymer chains experience crowding
effects and self-assemble randomly into fractal aggregates. In the dilute regime, the
self-assembly is more controlled and organised.
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2001

(a) (b)

Figure 4.13 Cryo-TEM images of P2M2 at 50°C at 10x dilution (a) and at the initial concen-
tration (b). The scale bar is 100 nm (a) and 200 nm (b).

4.2.2 ‘'Thermo-responsive behavior

The thermo-responsive behavior of the polymers was followed with DLS at temperat-
ures from 25°C to 70°C. Figure 4.14 shows the change in hydrodynamic diameter of
di-mannose substituted glycoconjugates and the reference copolymer poly(NIPAm)-
HEMA. All of the glycoconjugates show a similar size transition pattern where the size
is relatively stable below the LCST. Above the LCST, the hydrodynamic diameter in-
creases sharply until it reaches a maxima followed by a slow decrease in size. This
confirms the fact that, with increasing temperature, water becomes a poor solvent for
the polymer leading to strong attractive interactions between the NIPAm chains. The
collapsed polymers then aggregate into larger structures in order to prevent contact
with water. As the temperature is increased even further, the Dy, starts to decrease
indicating that the pNIPAm chains continue contracting. This is confirmed by the
SAXS fitting results that showed increased flexibility of the polymers at 50°C. The
size of the copolymers stabilizes at around 60°C.
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Figure 4.14 Change in D;, with temperature for M2 glycoconjugates and the reference copoly-
mer poly(NIPAm)-HEMA. Heating and cooling process is represented by the curves with filled and
empty symbols, respectively.

Among the M2-substituted polymers, PIM2 contracted the most after the maxima
possibly due to the lower substitution degree. In fact, PIM2 has the lowest LCST but
still slightly higher than that of p(NIPAm)-HEMA confirming the stabilizing effect
of the hydrophilic sugars. As the degree of substitution of the M2 glycoconjugates
increases, so does the LCST. This increase in transition temperatures has been
previously reported for p(NIPAm)-based copolymers with high mannose content. 43

Figure 4.15 shows the change in D}, of M1 glycoconjugates with temperature.
Here, a similar transition pattern to M2 was observed with the exception of P1M1
after 60°C. In this region, the size of the PIM1 increases sharply again, the polymer
aggregates become unstable and falls out of the solution. Because the degree of
substitution of PIM1 is less than half the degree of P2M1, there may not be sufficient
MI1EMA to create a protective hydrophilic corona necessary to stabilize the particle.
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Figure 4.15 Change in D,, M1 glycoconjugates and the reference material poly(NIPAm)-HEMA
with temperature. Heating and cooling is represented by filled and empty symbols, respectively.

4.3  Surface active properties of alkyl mannooligosides

[3-mannanases were utilized to first produce oligomannans from Locust bean gum
and then catalyze transglycosylation with mannotetraose (My) as a donor and
1-hexanol as a glycosyl acceptor. A more detailed description of the synthesis can
be found in Paper v. The purified mixture contained 1.3 mg of hexyl-mannobiose
(hexyl-M3) and 1.1 mg of hexyl-mannotriose (hexyl-M3).

Surface tension at different concentrations of the surfactant mixture was de-
termined using pendant drop technique. Due to a limited amount of the sample, the
same solution was reused for all of the measurements. Surface tension was recorded
for the sample with the highest concentration which was then diluted to obtain a
following concentrations. Sample was freeze-dried in between if it was necessary.

In order to estimate critical micelle concentration (CMC), a plot with a sur-
face tension as a function of the surfactant concentration was constructed. As it can
be seen from Figure 4.16, there are two inflection points in the curve, at 44 g L!
and 72 g L™!, suggesting that two different types of micelles are formed in the
solution. This phenomenon has been previously observed with mixtures containing
alkyl polyglucosides with different chain lengths.'>® The minimum around the first
break point is caused by the solubilization of the less hydrophobic surfactant in the
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micelles when they begin to form leading to the decrease in bulk concentration and
thus, decrease in the surface tension of the solution. 54
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Figure 4.16 Surface tension plot of the purified hexyl mannooligoside mixture. Dash lines
represent break points.
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Epilogue

In this thesis, the structure and behaviour of hemicellulose in solution and at
interfaces was investigated with the focus on softwood hemicellulose. The potential
of hemicellulose as a raw material for the preparation of several complex materials
with an added value was explored.

In the first part, the properties of hemicellulose in solution and their influence
on the binding efficiency of hemicellulose to cellulose surfaces was evaluated. A
special attention was devoted to the nature of the interaction between hemicellu-
lose and cellulose model surfaces. As it has been mentioned before, both of the
polysaccharides occur in plant cell walls forming a strong and functional network.
The mechanism behind the formation, although studied thoroughly, is not yet fully
understood.

The binding of hemicellulose to cellulose surfaces is believed to partly happen
via hydrogen bonding and through an entropy-driven process. Cellulose fibrils
form a porous network on a surface which entraps a significant amount of water
molecules in solution. Due to more favourable hemicellulose-cellulose interactions
than water-cellulose, hemicellulose molecules adsorb to the cellulose surface, thereby
releasing water molecules. In addition, sugars (especially, cellulose) are known
to have a certain degree of hydrophobicity. The adsorption studies of different
kinds of hemicellulose to hydrophobic surfaces have confirmed that hemicellulose
polysaccharides posses a hydrophobic character. The presence of the acetyl side
groups results in an elevated hydrophobic properties of GGMs as compared to GMs
and thus a higher adsorbed amount on the hydrophobized silica surface. Neutron
reflectometry measurements revealed that hemicellulose chains orient themselves
with the acetyl groups towards the hydrophobic surface.

Hemicelluloses are branched polymers that tend to aggregate in solution. The
high galactose substitution degree reduces the flexibility of the polymer chains
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leading to a formation of bulky and highly solvated layers on a surface.

The adsorption of hemicellulose samples is higher on the cellulose surface
compared to the hydrophobic silica indicating that specific interactions are involved
facilitated by the similarity in the backbone structure of the two polysaccharides. The
results showed that the adsorption of hemicellulose samples to cellulose surfaces is
concentration dependant. In the low concentration regime, hemicellulose molecules
with a higher molecular weight adsorb to a higher extent since the adsorption of
smaller molecules is less favourable due to the loss in the translational entropy of
these species. The opposite happens in the high concentration regime, where the
decrease in the conformational entropy prevents larger hemicelluloses from adsorbing
to the surface. In addition, smaller and more flexible molecules are able to diffuse
inside the cellulose layer much easier leading to a higher adsorbed amount.

In the second part of the thesis, the properties of hemicellulose-based LLC
nanoparticles, thermo-responsive glycopolymers and alkyl glycosides were evaluated.

Monoolein cubic phase nanoparticles were successfully stabilized with softwood
hemicellulose (TMP and SSL) resulting in the monodispersed formulations with
Pn3m phase cubosomes. The highest amount of the dispersed phase was obtained
using hemicellulose extract containing a higher content of lignin (SSL) indicating
that the presence of lignin facilitates the stabilizing effect due to its hydrophobic
properties. The hemicellulose-stabilized dispersions were electrostatically stable in
milli-Q water, however, the negative charge has dropped significantly in physiological
conditions leading to the loss of the internal structure in the TMP-stabilized particles.
The Pn3m phase structure was retained in the SSL-stabilized formulation despite
the increase in the size of particles which demonstrates a better applicability of this
preparation as a drug delivery system. Both dispersions were stable over the period
of 42 days in terms of hydrodynamic size and polydispersity.

The introduction of 3-mannosyl acrylate side groups in the structure of thermo-
responsive p(NIPAm) copolymers caused the shift in the transition temperature to
higher values. Hydrophilic side groups are believed to create a protective shell which
provides the stabilizing effect for the hydrophobic backbone. This was confirmed by
the presence of stable particles above the LCST with no precipitation up to 70°C
(except for PIM1 samples).

Mannan branches enforce a closer contact between the glycopolymer chains

due attractive interactions among sugars rendering the chain more flexible and
the particle more compact. Glycopolymers aggregate into small globular objects
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(20-40 nm) and some even assemble into elongated pearl necklace type structures
at room temperature. Above the LCST, the particles rapidly contract and aggregate
similarly to unsubstituted p(NIPAm) due to the unfavourable interactions with water
at higher temperatures. Interestingly, the size of the copolymer particles reaches
a certain maximum followed by a gradual decrease suggesting that the polymers
continue to collapse as the temperature increases until the equilibrium is reached at

around 60°C.

The self-assembly of the glycopolymers above the LCST is the concentration
dependant process. In the low concentration regime, copolymers mainly assemble
into globular disc-shaped aggregates. At high concentration, due to the crowding
effect, the aggregation is more random and sharp where polymers assemble into
fractal-like structures.

Finally, the third type of hemicellulose-based conjugates studied in this thesis
was hexyl mannooligosides. Surface tension measurements of the mixture containing
hexyl-mannobiose and hexyl-mannotriose demonstrated that glycosides possesed
surface active properties and assembled into two separate types of micelles as
indicated by the two inflection points in the surface tension curve.

Hemicellulose is a great material that can be utilized as versatile building blocks
tailored according to the potential applications. The results summarized in this
thesis demonstrate that hemicellulose can be used in the preparation of drug
delivery systems. However, there are still few factors that should be considered. In
order to use hemicellulose-based nanoparticles for drug delivery, the ability of the
particles to encapsulate and release drugs should be tested with both hydrophilic
and hydrophobic drugs. If the encapsulation is successful, it would be important to
evaluate the cytotoxicity of the formulations. A specific binding of the sugars present
in the structure of the nanoparticles and glycopolymers is an interesting aspect that
should be evaluated.

In addition, the question about intriguing interactions between hemicellulose
and cellulose has many directions to follow. The hemicellulose samples with different
molecular weights and substitution degree were studied in this thesis. However,
the variety in the structural properties of these samples to made it challenging to
determine which factor affected the adsorption the most. It would be interesting
to evaluate adsorption of the same kind of hemicellulose but modified to either
gradually decrease the number of side groups or molecular weight. The thickness
of the cellulose layer is an important factor that could be studied more, especially
with neutron reflectometry to track how hemicellulose is distributed inside the layer.
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Both the ordinary and deuterated cellulose were used in this thesis to prepare films
in separate studies, however the effect of the deuteration degree on the adsorption of
hemicellulose has not been followed explicitly.
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Introduction

On the interaction of softwood hemicellulose
with cellulose surfaces in relation to molecular
structure and physicochemical properties

of hemicelluloset

Polina Naidjonoka, {2 ** Monica Arcos Hernandez,® Gunnar K. Palsson,
Frank Heinrich,* Henrik Stalbrand (2 *° and Tommy Nylander 2 *2"

The substantial part of the water-soluble hemicellulose fraction, obtained when processing cellulose to
produce paper and other products, has so far been discarded. The aim of this work is to reveal the
interfacial properties of softwood hemicellulose (galactoglucomannan, GGM) in relation to their
molecular and solution structure. In this study the sugar composition of GGM was characterised by
chemical analysis as well as 1D and 2D NMR spectroscopy. Previously it has been demonstrated that
hemicellulose has high affinity towards cellulose and has the ability to alter the properties of cellulose
based products. This study is focused on the interactions between hemicellulose and the cellulose
surface. Therefore, adsorption to hydrophobized silica and cellulose surfaces of two softwood
hemicellulose samples and structurally similar seed hemicelluloses (galactomannans, GMs) was studied
with ellipsometry, QCM-D and neutron reflectometry. Aqueous solutions of all samples were
characterized with light scattering to determine how the degree of side-group substitution and
molecular weight affect the conformation and aggregation of these polymers in the bulk. In addition,
hemicellulose samples were studied with SAXS to investigate backbone flexibility. Light scattering results
indicated that GM polymers form globular particles while GGMs were found to form rod-like aggregates
in the solution. The polysaccharides exhibit higher adsorption to cellulose than on hydrophobic surfaces.
A clear correlation between the increase in molecular weight of polysaccharides and increasing
adsorbed amount on cellulose was observed, while the adsorbed amount on the hydrophobic surface
was fairly independent of the molecular weight. The obtained layer thickness was compared with bulk
scattering data and the results indicated flat conformation of the polysaccharides on the surface.

hemicellulose are galactoglucomannans (GGM). Their content
varies both in different parts of the tree, as well as between

The interactions between hemicellulose and another major
wood polysaccharide, cellulose, are of key importance for the
organization and structure of the plant cell walls as well as for a
range of applications. The major components of softwood
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plant species with GGM, reaching up to 20% w/w of dry
wood."™ Today a significant part of the softwood GGM is
discarded together with the waste stream during processes like
thermo-mechanical pulp production.” However, it is now
possible to recover this highly valuable polymer from such
waste streams.®”® While other mannan-based polysaccharides
like Locust bean gum (LBG) and Guar gum (GG) are used in the
industry, mostly in food related applications,’™? GGMs from
softwood are not yet fully exploited in spite of the large amount
produced during pulp processing. However, numerous potential
applications have been suggested and tested for GGMs in thera-
peutic reagents,"® as a raw material for biodegradable films'*
and novel anticoagulants.”” Therefore, this study focuses on the
interfacial interactions between cellulose and softwood hemi-
cellulose and how it relates to the aggregation and molecular archi-
tecture in comparison to other mannan-based polysaccharides.
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Hemicellulose has a large number of side groups and their
role for interaction with cellulose and to what extent they
prevent the polysaccharide to assemble into larger aggregates
is not clear. GGMs consist of a B-(1—4)-p-mannopyranose
backbone that is partially interrupted by pB-(1— 4)-p-gluco-
pyranose units."*®'° The backbone carries side-groups of
0-(1 - 6)-p-galactopyranose and acetyl side groups.'® The degree
of side-group substitution may vary between sources and
preparations. Galactoglucomannans are mainly present in the
secondary cell walls of conifer plants, however, small amounts
are also found in dicot cell walls.? Locust bean gum is produced
in the seed endosperm of the carob tree Ceratonia silique L. and
Guar gum in the seed of Cyamopsis tetragonoloba. Both LBG
and GG contain only p-(1—4)-mannopyranose in the backbone
and galactopyranose side-groups attached via o-(1— 6) linkages.

In wood, cellulose forms microfibrils that are well organized
with chains of hemicellulose located either on the surface of
or in between the fibrils.’* The nature of the binding of
hemicellulose is still under debate, however, it is believed that
the polysaccharides interact with each other via hydrogen
bonding.*"** Benselfelt et al.>® showed that the adsorption of
xyloglucan, the main hemicellulose in primary plant cell walls,
onto cellulose surfaces is an entropy-driven process. An increase
in entropy is caused by the release of water molecules from the
cellulose layer as hemicellulose is adsorbed.

Several approaches have been used to reveal the nature
of the interaction between cellulose and hemicellulose.
Hayashi et al.”>** studied the influence of the polymerization
degree on the adsorption of xyloglucan on dispersed cellulose.
They demonstrated that xyloglucans adsorb to the microfibrils
of cellulose as a monolayer with highly branched parts extending
into solution. The adsorption per weight unit was found to be
larger on microcrystalline cellulose compared to amorphous
cellulose. Similar results were obtained by Vincken et al.>>
xyloglucan was found to bind more efficiently to microcrystalline
cellulose Avicel than to cellulose from cotton linters. Avicel has a
10 times smaller exposed surface-to-weight ratio than bacterial
cellulose, but the per-area-adsorption of the polymeric xyloglucans
is similar.”® Uhlin et al.*® used Acetobacter xylinum as a model
system to produce cellulose in the presence of carboxymethyl
cellulose (CMC), xylan, xyloglucan and ivory nut mannan.
These polysaccharides were shown to affect cellulose structure
in different ways. Xyloglucans and xylans showed the largest
effect on the aggregation of cellulose due to a similarity in the
backbone unit conformation with cellulose. Cellulose produced
in the presence of mannans and CMC was found to have a very
similar aggregation pattern but with a lower degree of cellulose
crystallinity in comparison to a control grown without the
polysaccharides. The charge of hemicellulose was found to be
more crucial than the molecular weight for the adsorption to
nanofibrillated cellulose (NFC). The adsorbed amount of Guar
gum before and after hydrolysis showed comparable results in
similar conditions. The adsorption of the anionic CMC showed
strong dependence on the pH of the buffer, with irreversible
adsorption at low pH but not at pH 8 where the carboxylic
groups of both CMC and cellulose are deprotonated.>”>*

where
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The sorption of glucomannans to cellulose is affected by the
presence of side groups that prevent a close contact of the
polysaccharide with the cellulose fibre surface. In addition, by
removing the side groups, solubility of the chains of the
polysaccharides chain decreases®”*" and promotes binding to
a surface. Deacetylation generates new hydroxyl groups that can
take part in hydrogen bonding®*> and at least 15 unsubstituted
xylosyl units are required for adsorption.*

It is clear that the increasing use of hemicelluloses requires
knowledge on how their molecular structure affect bulk solution
behaviour and the adsorption to different types of surfaces. Here
we compared the results of two types of GGMs, with different
molecular weight and degree of side-group substitution, with
those from seed hemicelluloses (LBG and GG). The LBG and
GG samples are commonly used in industrial applications.
Solution behaviour of the polysaccharides was characterized with
light and small angle X-ray scattering, which gave information on
the size, shape and stiffness, as well as the aggregation state of the
polysaccharides. The knowledge gained from the polysaccharide
molecular structure, conformation and aggregation was related to
the results from adsorption studies on two relevant surfaces for
applications, i.e. hydrophobic and spin-coated cellulose films. The
combination of in situ ellipsometry, quartz crystal microbalance
with dissipation (QCM-D) and neutron reflectometry (NR) allowed
us not only to quantify the adsorption in terms of surface excess
and adsorption kinetics, but by comparing the adsorption onto
a cellulose surface with that on a hydrophobic surface we were
able to gain insight into the nature of the surface interactions of
hemicellulose.

Experimental
Materials

Galactomannans. Galactomannan polysaccharides Guar gum
and Locust bean gum were obtained from Megazyme Interna-
tional (Bray, Ireland).

Preparation of GGM. Two types of GGM-enriched prepara-
tions originating from spruce were used in the study. The first
one (TMP-GGM) was obtained from the process water from
termomechanical pulp processing and GGM was purified using
ultrafiltration and four rounds of diafiltration as described in
detail by Andersson et al.® To prepare SP-GGM, steam extrac-
tion of GGM from spruce chips in 0.025% NaOH was performed
at 190 °C for 5 minutes according to Lundgqyist et al.? The liquid
phase was then filtered and GGM purified by size-exclusion
chromatography (SEC) with recovery of the “Fi-fraction” as
described by Palm and Zacchi.*® The GGM preparations were
freeze-dried and stored under dry conditions at room temperature.

Chemical analysis of GGM samples. The GGM preparations
were analysed for sugar monomer composition, acetyl content
and weight-average molecular weight (M,) as described by
Lundqvist et al.” The sugar monomer composition was determined
after hydrolysis in an autoclave at 120 °C in 0.25 M sulphuric
acid. Monomer sugar analysis (mannose, galactose, glucose,
xylose, arabinose) was performed using high-performance liquid
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chromatography with pulsed amperometric detection (HPAEC-
PAD), using a Carbo Pac Pal0 guard and analytical column
(Dionex/Thermofischer Scientific). The acetyl content was ana-
lysed after treatment in 1% NaOH for 12 h at room temperature
and quantification of acetic acid by high-performance liquid
chromatography (HPLC) using an Aminex HPX-87H (BIO-RAD)
column and refractive-index (RI) detection. M,, was estimated
using SEC (RI-detection) with water as eluent and using GGM
mass-standards analysed by matrix-assisted laser ionization/
desorption time-of-light (MALDI-TOF).” The lignin content was
estimated by measuring the absorbance at 280 nm of water-
dissolved samples and using an extinction coefficient of
17.8 L g ' em™" (for milled wood lignin) previously suggested
applicable for water soluble spruce lignin from mechanical
pulp processing.*

1D and 2D NMR spectroscopy. Dried samples were dissolved
in 0.6 mL of 99.9% deuterium oxide (Sigma Aldrich Co., MO,
USA) to a concentration of 10 mg mL ™. "H and "*C spectra as
well as heteronuclear single quantum coherence (HSQC) NMR
spectra were recorded at 25 °C, 12 or 70 °C on a Bruker Avance
III spectrometer (Bruker, Billerica, MA, USA) at 500.17 MHz for
'H and at 125.77 MHz for **C. Chemical shifts were referenced
to the C-1 signal of glucopyranose (103.548 ppm) and the H-2
signal of the 2-O-acetylated mannopyranose (5.423 ppm).'>**
The chosen temperatures for spectra acquisition were different
to room temperature in order to induce a shift of the residual
internal solvent (HDO) to reveal or improve the resolution of
the anomeric signals arising from the sugar units. HSQC was
acquired at 25 °C using the same method as described in
Al-Rudainy et al.® with minor adjustment for specific samples
(adjustment of SR, sweep width and O 1p and O 2p parameters).
Data was processed with Topspin (Bruker) or MestreNova
(Mestrelab Research). Baseline and phase correction were
applied in both directions. "H NMR was used for quantification
as described in Rosengren et al. using an external standard*® as
well as using the module ERETIC 2 for quantification which
is based on PULCON,*” an internal standard method which
correlates the absolute intensities of two different spectra
(Topspin, Bruker).

Microcrystalline cellulose. Microcrystalline cellulose (Avicel
PH101, Sigma-Aldrich, Sweden) with an average particle size of
50 pm, N,N-dimethylacetamide (DMAc), lithium chloride
(99.0% LiCl) and dimethyloctylchlorosilane (DMOCS, 97%)
were purchased from Sigma-Aldrich, Sweden. LiCl, was dried
at 200 °C overnight and used immediately. Purified water
(18 MQ cm) was obtained by passing deionized water through a
Milli-Q™ Water Purification system (MerckMillipore, Darmstadt,
Germany) was used for the preparation of all solutions. All other
solvents and reagents were of analytical grade and were used as
received.

Sample preparation. GG and LBG solutions (5 mg mL ") in
sodium citrate buffer (0.05 M, pH 5.9) were prepared by adding
1.0 g of powder to 180 mL of buffer. The mixture was then
homogenized with Heidolph DIAX 900 homogenizer (Heidolph
Instruments GmbH, Schwabach, Germany) (using 5 pulses at
a setting 1) at 80 °C and heated to the boiling point under
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agitation. The obtained viscous solution was cooled down to a
room temperature while continuing agitation overnight at 4 °C.
The solution was then centrifuged (5338 X g, 20 min) to remove
impurities and diluted with the buffer to 200 mL. Aliquots
of clear solution were stored at —20 °C until further use. After
thawing, the solution was vigorously stirred.

LVLBG was dissolved by wetting 1 g of powder with 2 mL of
95% ethanol followed by the addition of 90 mL sodium citrate
buffer (0.05 M, pH 5.9) and stirring overnight at 4 °C.
Thereafter, the solution was heated to 120 °C in a beaker
covered with aluminium foil and under vigorous stirring with
an IKA RCT basic magnetic stirrer. Stirring continued without
heating for approximately 20 min until complete dissolution.
The solution was then centrifuged (5338 x g, 10 min) to
remove impurities and diluted with buffer to a final volume
of 100 mL.**

GGM samples (10 mg mL™") were dissolved directly in
0.05 M citrate buffer and stored at +4 °C for maximum 1 week
until further use. Cellulose solutions were prepared according
to Sczech et al.** Microcrystalline cellulose powder (1 g) was
first left to swell for 1 h in 10 mL of deionized water at 40 °C.
Excess of water was then removed from the hydrated cellulose
by centrifugation (2616 x g, 15 min). This was followed by an
exchange with 10 mL of methanol, after which the mixture was
incubated during stirring for 45 min, followed by centrifugation
at 2616 x g for 15 min to remove the excess of the solvent. The
same procedure was repeated once more with methanol and
then twice with the anhydrous DMAc. After the last incubation,
the mixture was centrifuged, and the cellulose pellet was then
dissolved in 100 mL of 7% (w/v) LiClI/DMAc solution under
stirring at room temperature for 15 h. The cellulose solution
was then placed at 4 °C under stirring until the cellulose was
completely dissolved.

Substrate preparation. Substrates used for the ellipsometry
measurements were polished silicon wafers (p-type, boron-
doped, resistivity of 1-20 Q cm) which were obtained from
SWI (Semiconductor Wafer, Inc., Taiwan). The wafers were
thermally oxidized at 920 °C in an oxygen atmosphere to yield
a 300 A thick SiO, layer.

Silicon wafers were cut into 2 x 1 cm pieces and cleaned
according to Chang et al.* Silica substrates were placed in a
base mixture of 25% NH,OH, 30% H,0,, and H,O (1/1/5 by
volume) at 80 °C for 5 min, rinsed with deionized water, and
cleaned in an acid mixture of 32% HCI, 30% H,0, and H,0
(1/1/5 by volume) at 80 °C for 5 min. The substrates were
thoroughly rinsed with water and ethanol, and stored in
ethanol (99.7%) until further use.

Polished silicon substrates (Siltronix, Archamps-France) of
5 x 5 x 1.5 cm® capped with a silicon oxide layer were used
for Neutron Reflectometry (NR) measurements. Surfaces were
cleaned as described above.

The substrates used for Quartz Crystal Microbalance
with Dissipation (QCM-D, Q-Sense Analyzer, Biolin Scientific,
Gothenburg, Sweden) measurements were quartz crystals
(Q-Sense QSX 303) coated with gold and a top layer of SiO,
exposed to the solution. The fundamental frequency of the
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crystals was 4.95 MHz. The quartz QCM crystals were cleaned
for 5 min in 2% (v/v) Hellmanex II™ while sonicating and
rinsed with water and 99.7% ethanol.

Hydrophobized silica substrates were prepared by first treat-
ing cleaned silica surfaces in an air plasma for 5 min at
0.02 mbar using a plasma cleaner (Harrick Scientific Corp,
model PDC-3XG, New York, USA). The samples were then
immediately placed in a desiccator under vacuum with 1 mL
of DMOCS overnight. The hydrophobized silicon wafers were
subsequently sonicated for 20 min in tetrahydrofuran and
ethanol and stored in ethanol. Substrates were carefully rinsed
with ethanol and water, and dried with nitrogen gas before
each experiment.

Cellulose surfaces were prepared by spin-coating a few drops
of clear cellulose solution on the silica surface (spin coater
module LabSpin6/8, SUSS MicroTec SE, Germany) at 6000 rpm
for 60 s. The spin-coated wafers were annealed at 100 °C for
10 min, cooled down to room temperature, placed into deio-
nized water for 20 min, dried in a nitrogen flow and heated at
150 °C for 15 min. The cellulose covered substrates were used
immediately. The cellulose film thickness was roughly 40 nm
for all the substrates used for the ellipsometry measurements.

Dynamic and static light scattering (DLS and SLS). Both
static and dynamic light scattering experiments were performed
on an ALV/DLS/SLS-5022F, CGH-8F-based compact goniometer
system (ALV-GmbH, Langen, Germany) with a 22 mW He-Ne-laser
(632.8 nm) light source. The instrument was equipped with an
automatic attenuator, controlled via software. The sample holder
consists of a cell housing filled with a refractive index matched
liquid (cis-decahydronaphtalene) in which the cuvette was placed.

Light scattering data from GGM samples were recorded at a
concentration of 1.5 mg mL™' and from galactomannans at
3 mg mL™' dissolved in 0.05 M citrate buffer (pH 5.9).
All samples were filtered with a 0.45 pm-pore-size filter and
transferred to clean borosilicate NMR tubes prior to the mea-
surements. For SLS, angles from 40° to 140° were used with a
step size of 2° for 6 s. The intensity autocorrelation functions
were obtained for angles from 60° to 130° with steps of 10° for
at least 300 s. All the measurements were performed at 25 °C.

For the static light scattering, the obtained scattering
intensity I(q) was corrected for background scattering (AI(g))
and brought to an absolute scale according to eqn (1)**

1(q) = AI(q)( . )2RRref @]

Tier (@) \Prer

where n is the refractive index of the solution, and Ire¢(q), Nrer
and RR. are the scattered intensity, refractive index, and
Rayleigh ratio, of the reference (toluene), respectively. g is the
magnitude of the scattering vector:

4mn . (0
q= ;L—(]sm (§> 2)

where 4, is the laser wavelength, 7 is the refractive index of the
solution and 0 is the scattering angle. The radius of gyration Rg
was determined using Zimm plots.
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The decay rate (I') was obtained from the second order
cumulative expansion,’” which was plotted at different scattering
vectors. The slope of such a plot gives the translational diffusion
coefficient D. The hydrodynamic radius Ry was calculated
according to the Stokes-Einstein equation:

kgT

D= 3
61 Ry ®)

where kg is the Boltzmann constant, T is the temperature and
1 is the solvent viscosity.

Small-angle X-ray scattering (SAXS). SAXS measurements
were performed at the SWING beamline at the SOLEIL Synchro-
tron (Gif-sur-Yvette, France). The instrument was equipped
with an Eiger 4M (Dectris) detector. The X-ray wavelength was
1.54 A~'. Small-Angle X-ray Scattering curves were recorded
for SP and TMP samples in 0.05 M citrate buffer (pH 5.9) at
three different concentrations: 5 mg mL ™", 10 mg mL " and
20 mg mL . A flow capillary set up was used for all the
samples. Buffer was flushed through the capillary and mea-
sured before and after each sample to ensure a clean capillary
and to account for fluctuations in the beam intensity. The data
were collected for two different g-ranges (0.0049-0.44 A~* and
0.0027-0.24 A~*) with an exposure time of 500 ms. Collected
scattering curves were reduced and stitched together using the
Foxtrot Software (https://www.synchrotron-soleil.fr/en/beam
lines/swing). The reduced data was evaluated with SasView."
The scattering curves for both samples were fitted to the Unified
Exponential/Power-law model developed by Beaucage'*® that
describes fractal-like behavior of polymers in solution.

Cryogenic-transmission electron microscopy (Cryo-TEM).
Samples for Cryo-TEM at a concentration of 1.5 mg mL ™' were
filtered through a 0.45 pm-pore-size filter. A 4 pL-sample drop
was placed on a lacey carbon coated formvar grid (Ted Pella
Inc., Redding, CA, USA) and gently blotted with a filter paper to
create a thin film. The grid was then prepared for imaging
using an automatic plunge-freezer system (Leica Em GP, Leica
Microsystems, Wetzlar, Germany) with the environmental
chamber operated at 25 °C and 90% relative humidity to
prevent evaporation from the specimen. The vitrification of
the specimen was performed by rapid plunging of the grid into
liquid ethane (—183 °C). Thereafter, samples were stored in
liquid nitrogen (—196 °C) and transferred into the microscope
using a cryo transfer tomography holder (Fischione, Model
2550, E. A. Fischione Instruments, Inc., Corporate Circle
Export, PA, USA). The grids were examined with a Jeol
JEM-2200FS transmission electron microscope (JEOL, Tokyo,
Japan) equipped with a field-emission electron source, a cryo-
pole piece in the objective lens and an in-column energy filter
(omega filter). Zero-loss images were recorded under low-dose
conditions at an acceleration voltage of 200 kV on a bottom-
mounted TemCam-F416 camera (TVIPS-Tietz Video and Image
Processing Systems GmbH, Gauting, Germany) using SerialEM.

Atomic force microscopy (AFM). AFM was performed with a
Park XE-100 (Park Systems Corp., Suwon, Korea) in a non-
contact mode. Samples were probed in dry state under ambient
conditions. A silicon cantilever with a 42 N m™" spring constant
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and 330 kHz resonance frequency was used. The image analysis
was done with the XEI software (Park Systems Corp., Suwon,
Korea).

Ellipsometry. The main technique used to study the inter-
facial behavior of GGM is ellipsometry with complimentary
information obtained by QCM-D and neutron reflectometry.
The adsorption of hemicellulose to cellulose and hydrophobic
surfaces were measured in situ using null ellipsometry as
described previously.*” This method is based on the changes
in the polarization state when elliptically polarized light
is reflected from a surface. A Rudolph Research ellipsometer
(type 43603-200E) equipped with a xenon arc lamp light source
was used for the adsorption study. All measurements were
performed at 4015 A wavelength and an incidence angle of
68.00°. The silicon substrates were placed inside a trapezoid
cuvette with volume of 5 mL that was held at 25 °C.

The optical properties of the silicon substrates were charac-
terized before each experiment in two different media, air and
aqueous buffer. To minimize the effect caused by imperfections
of the optical components, the average positions of polarizer
and analyzer in four zones were used to calculate the ellipso-
metric angles, ¥ and 4. Here, | represents the change in the
relative amplitude and 4, the phase shift of polarized light
upon reflection at the interface. From the ellipsometric angles,
the refractive index and layer thickness of the adsorbed layer
were determined using a three or four layer optical model.*”
The adsorbed amount I was calculated using the de Feijter
equation™®

_ (g — no)dy
~ dn/de @

where ny, ng de and dn/dc are the refractive index of the
medium, the mean refractive index of the adsorbed layer,
the optical thickness of the layer and the specific refractive
index increment, respectively. The dn/dc values used for the
calculations and the references are summarized in Table 1.

After the characterization of the bare surface, a polysaccharide
solution was added to the ellipsometry cuvette to a final concen-
tration of 0.02 mg mL™". For the experiments with cellulose
surfaces, pre-characterized silicon wafers were spin-coated with
the cellulose solution before the addition of the sample.

As soon as the system reached an equilibrium, the cuvette
was flushed with fresh buffer solution to remove the poly-
saccharide solution. This allowed to estimate the extent of
reversible mannan binding to the substrate.

Quartz crystal microbalance with dissipation (QCM-D).
QCM-D is an acoustic technique that measures changes in
the resonance frequency of a quartz crystal due to adsorption
or deposition of material on its surface. The change in

Table 1 dn/dc values of polysaccharides

Polysaccharide dn/dc [mL g™'] Ref.
LBG, LVLBG, GG 0.135 49
GGMs 0.148 50
Cellulose 0.131 51

This journal is © The Royal Society of Chemistry 2020

View Article Online

Paper

frequency is recorded as a function of time while a substance
is adsorbing to the substrate. The dissipation energy is mea-
sured by monitoring the decay of the signal amplitude
when switching off the potential across the crystal and yields
viscoelastic properties of the surface layer.”> A QSense E4
system with four flow cells (Biolin Scientific, Gothenburg,
Sweden) was used.

Hydrophobized crystals were placed in the flow cell and
ethanol was passed through the system with peristaltic pump
(Ismatec IPC-N 4, Ziirich, Switzerland), followed by purging
with 0.05 M citrate buffer (pH 5.9). The crystals were left to
stabilize in the buffer for at least 30 min. The fundamental
frequencies and dissipation energies for each overtone were
determined before samples were injected at 150 pL min ™" at
a concentration of 0.02 mg mL '. All measurements were
performed at 25 °C. The obtained data was treated and fitted
with a Voigt viscoelastic model®® using Dfind software (QSense,
Biolin Scientific).

Neutron reflectometry (NR). Neutron reflectometry is a
technique, where a neutron beam is directed towards a surface
and the intensity of the reflected radiation as a function of
scattering vector ¢ (see eqn (5)) is measured.

g =5 sin(0n) )
where 4, is the neutron wavelength and 0;, is the angle of
incidence.

Here we used specular NR, i.e. the angle of reflection is equal
to the incident beam angle.” Measurements were performed at
NIST Center For Neutron Research (NCNR, Gaithersburg, MD) on
the NGD-MAGIK reflectometer over a g-range of 0.005-0.2 A~*.%°

Adsorption of TMP GGM was studied with NR on a hydro-
phobic surface. TMP was dissolved in deuterated 0.05 M citrate
buffer (pH 5.9) at a concentration of 0.2 mg mL ™. First, the
specular reflectivity of the bare surface immersed in deuterated
(D,0) and protonated (H,O) buffer was measured versus q. The
sample in D,O buffer was then injected and left for 1 hour to
adsorb. Thereafter, two NR curves were measured after rinsing
with D,0 and H,O-based buffers, respectively. The raw data was
reduced with the online data reduction service reductus.”® The
reduced data was evaluated with the Motofit software, which
uses the Abeles matrix method to calculate the reflectivity from
a stratified interfaces.””*® The best fit was obtained applying
4 layers as follows: Si-SiO,, hydrophobic layer, the transition
layer containing acetyl groups of GGM interconnected with the
hydrophobic layer and the top layer mainly consisting of the
GGM sugar units. The layer thickness, roughness, solvent
penetration and Scattering length density (SLD) were found
for each layer by simultaneously fitting the model to the data
from H,O and D,O contrasts. Attempt was also made to
measure the interaction between GGM and the cellulose layer
using neutron reflectometry. However, the poor SLD contrast
between GGM and cellulose made modelling uncertain and we
therefore prefer not to discuss these data. We are at the
moment working on neutron reflectometry study where we
use deuterated cellulose to enhance the SLD contrast.
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Results and discussion
Chemical analysis

The results from the chemical analysis are summarized in
Table 2. Assuming polymeric mannose, galactose, glucose
and acetyl content comprise acetylated GGM (AcGGM), this
component accounted for 77% and 83% of the dry-weight for
the TMP-GGM and SP-GGM preparations, respectively. The
SP-GGM preparation contained arabinoxylan, estimated from
the acid released xylose and arabinose as described above
(Table 2). No detectable arabinoxylan was present in TMP-
GGM. The lignin content was estimated to be 3.0% (TMP-
GGM) and 3.3% (SP-GGM) of the dry weight, based on simple
UV light absorption measurements.

1D and 2D NMR spectroscopy

Expansions of the 2D-NMR data in the anomeric region of SP
and TMP preparations are shown in Fig. 1. The proton NMR
resonances in the anomeric region were assigned based on
HSQC and confirmed by comparison with literature,'®*%%9¢
The spectra recorded for both samples are similar con-
firming the similarity of the two samples. Hence, the SP is
used as a template to describe assignments of the peaks.
Table 3 shows the assignation in the anomeric area for SP
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using HSQC (the corresponding data for TMP are shown in
the ESIY).

Spectra analysis showed that the studied hemicelluloses
(TMP and SP) mainly contain mannose, glucose and galactose
thus can be described as galactoglucomannan (GGM). HSQC
showed no resonances in the aromatic region characteristic
of lignin and these samples could be considered as fairly pure
in terms of lignin contamination, which is also consistent
with the UV spectroscopy analyses. However, a fair amount
of arabino glucuronoxylan is also part of the SP sample as
previously reported for a similar preparation by Palm and
Zacchi.>® Sample TMP also contains arabino glucuronoxylan
but in much lower amount. Traces of 4-O-methylglucoronic
acid (4-0-Me-GlcA) were present in the SP sample, which was
also reported by Palm and Zacchi.*®

The 1D proton spectra of both samples at 70 °C is shown in
Fig. 2 and corresponds to the general assignments in the
anomeric region from Table 3. Apart from the anomeric signals
assigned in the fingerprint region (4.4-5.5 ppm), signals at
2.1-2.24 ppm indicate presence of acetylated saccharides. This
was further confirmed in HSQC, where typical cross peak for
acetyl group is clearly seen in the insert of Fig. 1 at du/dc
2.2-1.9/21.56-21.4. Of these acetylated saccharides, HSQC
shows that they correspond to p-(1-4)-linked mannopyranosyl

Table 2 Structural properties of different mannans. The GGM chemical analysis is from present work and the reference is for the method of preparation.

The guar gum and locust bean gum data is from supplier®

Molar ratio

Molecular
Sample weight [kDa] Man Gal Gle Acetyl Ara Xyl Ref.
Guar gum (GG) 250.0 67 33 38
Locust bean gum LBG 556.0 78 22
LVvLBG 107.0 78 22
Spruce galactoglucomannan TMP 14.0 50 15 15 20 2, 6 and 33
(GGM) SP 5.9 40 6 16 2 2 8
e v4
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Fig. 1 2D NMR spectra of the anomeric region for the TMP (on the left) and SP (on the right) samples at 25 °C.
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Fig. 2 Anomeric region of *H NMR spectra of O-acetyl-GGM SP (top) and
TMP (bottom). Table 3 describes assignations.

Table 3 H and *C NMR data of the anomeric region for the SP-GGM

Constituent Annotation Fig. key 'H (ppm) “°C (ppm)
Mannose o-ManpR Mar 5.18 94.87
-4)-B-Manp-(1-, 2-0-Ac M2 4.94 100.23
-4)-B-Manp-(1-, 2-0-Ac M2 4.9 99.65
B-ManpR Mbr 4.88, 94.77
4.91
-4)-B-Manp-(1-, 3-0-Ac M3 4.83 100.72
f-Manp-(1- M 4.76 101.21
-4)-f-Manp-(1- 4Manb 4.73 101.3
Glucose -4)-B-Glep-(1- Glcb 4.53 103.55
-4)-B-Glep-(1- Gleb  4.52 103.65
Galactose aGalp-(1- Gala 5.03 99.84
Other
polysacharides
Arabino-xylan -4,3)-B-Xylp-(1- X34b  4.48, 102.77
4.49
a-Araf-(1-3 A3a 5.28¢
B-Galactan -4)-p-Galp-(1- Galb  4.64 105.5
Arabino-galactan -3)-B-Galp-(1- Gal3b  4.68 105.11

“ From 'H NMR.

residues at C-2 and C-3 as previously reported.'®**®" For both
acetylated saccharides HSQC showed multiple cross peaks as
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well as several resonances in the 1D proton spectra (compare
with inserts in Fig. 1). This reflects the random distribution of
the acetylated residues along the backbone and was also
observed by Lundqvist et al.'®

Ratios of the different sugars were estimated using a semi-
quantitative approach based on the volume integration®?
from HSQC as well as integration from 1D 'H. The limitation of
using volume integrals from HSQC is that the phase in the directly
detected dimension varies between the different cross-peaks, with
different amounts of the dispersive component contributing,
thereby affecting their integral. The disadvantage of using 'H is
that with the overlap of peaks the accuracy of the integration is no
more than 95% in some cases, this error would propagate when
calculating ratios as they involve more than two integrals. Never-
theless, these methods are established and have been extensively
used previously.*>*® Quantification of molar fraction an estima-
tion of masses was also calculated as done in Rosengren et al.,*
using and external standard and using ERETIC 2 method as
described previously. Given that the results from all the methods
are comparable here we present the results from the ERETIC 2
based calculations in Tables 4 and 5. We have made the utmost
effort to describe the correct assignation of all peaks.

Table 4 shows a summary of the composition estimates for
both samples using NMR. The Man:Glu:Gal was estimated
to be 100:22:9 and 100:18:5 for TMP and SP, respectively.
Both samples are fairly similar except in the galactose molar
content. Here it should be noted that galactose content is
calculated based on o-galactose, the presence of galactan
would up this number. GGM in softwood is described usually
as substituted with only oGalp units.’® Furthermore, the
galactose peak is not well-resolved (¢f Fig. 2) and the integra-
tion is likely to substantial error. We also note that the
chemical analysis (Table 2) gives a larger galactose content.
The degree of acetylation (DSAc) was estimated by comparing
the integrals of the acetylated regions and the GGM sugars in
the anomeric region.*®

Table 4 Total sugar composition of GGM samples

% mol Man Gle aGal AraXyl Acetyl DSAc”
TMP 64 14 6 5 12 0.15
Sp 61 11 3 15 11 0.15

Man - mannose, Gal - galactose, Glc - glucose, AraXyl - arabino xylan.
“ The degree of acetylation was determined as the molar ratio of ~-OAc
groups linked to the GGM sugars.

Table 5 Sugar composition of GGM samples in relation to mannose
content

% mol Man aGal-Man® OAc-Man 2-OAc Man  3-OAc Man
TMP 59 1 40 57 43

SpP 59 5 36 58 42

Man - (unsubstituted) mannose, Gal - galactose, OAc-Man = 2-OAc + 3-OAc.
“Molar fraction of non-acetylated mannose with galactose sub-
stituents assuming that mannose is either substituted with an -OAc
or an aGal.
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Table 4 shows that the main difference between both samples
is the presence of higher amounts of arabino glucurunoxylan
constituents in the SP sample (see Table S2, detailed SP NMR
peak assignments are shown in ESIf). The given values include
the two major residues of arabino glucuronxylan-3,4)-B-Xylp-(1-
and o-Araf-(1-3 because they are the major constituents identified
unequivocally from the spectra. Other components related to
other polysaccharides such as arabinogalactan were not possible
to use for quantification given their small area, ambiguity in peak
assignation and/or overlapping with other peaks. Based on the
values given in Table 4, the ratio of Man : AraXyl of ~1:0.24 was
calculated for SP compared to 1:0.07 in TMP. Arabino glucur-
onoxylan is also a hemicellulose common in spent sulfite liquor
(SSL) from spruce.® It has been shown that small amounts of
arabinose and xylose can be covalent constituents of GGM.®
Nevertheless, the presence of these polysaccharides may be due
to hemicellulose contaminants. Other cross peaks related to
arabino glucuronoxylan could be assigned to B-Xylp (4.13,
3.38/64.04) as well as the residue 3,4-Xylp in sample SP.
Characteristic peaks of a-glucuronic acid were also detected.
The cross peaks at 3.47/61.02 and 3.3/73.8 ppm indicate that a
fraction of these residues carry the 4-O-methyl substituent.®

Table 5 shows the sugar composition in relation to the
mannose content. The degree of acetylation (DSAc) was 0.15
in relation to the Manp units for both of the samples.
As discussed above, the NMR spectra suggest that the acety-
lated residues are randomly distributed along the backbone.
It is interesting to note that the molar fraction of non-acetylated
mannose with galactose substituents is higher for the SP
sample, however this can be related to the difficulties in
determining the galactose content with NMR.

Dynamic and static light scattering (DLS and SLS). The
combination of static and dynamic light scattering gives a
measure of the overall shape and size of particles, molecules
or aggregates in solution. The ratio between R; and Ry
indicates whether a polymer behaves as a random coil, forms
a spherical particle (Rg/Ry; > 0.778) or has a long rod-like
conformation (Rg/Ry > 2.0) in solution.®® Table 6 shows
the average R and Ry of LBG, GG, LVLBG, TMP and SP GGM.
All samples were filtered with 0.45 pm-pore filter to remove
larger aggregates and dust that have disproportionally large
impact on the scattering data due to their higher scattering
power. The correlation functions are listed in the ESI} (Fig. S2).

The molecular weight and dimensions of the GGM monomer
estimated from individual sugar groups are 0.18 kDa and 0.6 nm,

Table 6 Molecular weight and the results obtained from DLS and SLS of
the mannan-based polysaccharides

M, [kDa] Rg[nm] Ry[nm] Rg/Ry
GGM TMP 14.0 122 111 £ 8 1.10
SP 5.9 87 82 +6 1.07
Locust bean gum  LvLBG  107.0 79 95 +£14 0.75
LBG 556.0 111 210 £ 39 0.53
Guar gum GG 250.0 42 93+ 16 0.61
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respectively. Therefore, fully stretched linear polymer in a mono-
disperse sample with molecular weights of 14.0 kDa and 5.9 kDa,
would be 47 nm and 20 nm long, respectively, which is almost
three times lower than the obtained values. Thus, the GGM
samples are likely to be aggregated. This conclusion is consistent
with cryo-TEM images of TMP GGM at the same concentration
(Fig. S4, in the ESI{) and with a recent study of a comparable GGM
preparation that shows similar aggregated structures but larger in
size,*” likely due to a higher molecular weight and solution
concentration of the sample. The expected contour length of
the locust bean gum and guar gum samples, calculated based
on the molecular weight of the corresponding linear polymer, is
about 10 times larger than the measured value. This suggests
that these polysaccharides are not aggregated but form separate
polymer chains in solution. Furthermore, both GGMs have a
Rg/Ry slightly higher than 1 (Table 6) which suggests that the
aggregates have an elongated shape. With a Rg/Ry of around
0.7, LBG and GG chains seems to adopt a globular shape in
solution. The radius of gyration for the GG and LBG are similar
to literature values.*>*”

Small-angle X-ray scattering. Fig. 3 shows the scattering
curves obtained with SAXS for TMP and SP GGM samples with
different molecular weights, as well as branching degree.
Samples were characterized at three concentrations 5 mg mL ™,
10 mg mL ™' and 20 mg mL ' (Fig. S3, in the ESIt) but no
significant difference in scattering was observed for either sample
when taking into account the polymer concentration. Therefore,
we show only the scattering curves recorded at 10 mg mL ™" for
each sample. This study is focused on GGM and the galacto-
mannans are to be considered as important reference samples.
A detailed SAXS analyses for this type of samples require
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Fig. 3 SAXS curves of the TMP (light red) and SP GGM (green) at a
concentration of 10 mg mL™. Solid lines are fits to the corrected Beaucage
model. The scattering curve of the TMP was shifted upwards by a factor of
10 for clarity.
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synchrotron X-rays, and unfortunately, we only got limited beam
time that was enough to fully characterize the GGM samples.
The scattering curves show no distinct features other than a
shift of the power-law decay from —1.85 at low ¢ to —1.0 at high
q for TMP GGM (—1.7 to —0.95 for SP GGM) as indicated in
Fig. 3. The lack of a drastic change in the slope through the
extended g-range indicates self-similarity or fractal-like beha-
viour of the polymer molecules in solution. The scattering from
such a polymer chain can be described by using a mass fractal
model, ie. the scattering intensity, I(q) ~ ¢~ Such a model is
valid as the exponents (—d) are between —1 and —3.*° The
exponent of —1 at high g-values indicates rod-like shape of
the polymer below its persistence length. Based on these
observations, the scattering data was fitted to a corrected
Beaucage model that describes fractal morphology with flexible
cylinders as building blocks.*>*® This model gives two radii of
gyration that were determined from the low-g region and the
transition region between two slopes of the scattering curve
indicated in Fig. 3. The slope at low-g, i.e. in the regime where
the Guiner model is valid, R represents the overall size of the
polymer particle. However, in the case of (large) polymers, it
can be challenging to reach the Guinier regime due to limited
g-range of most instruments. The second Rg, however, can be
converted to a Kuhn length [ by using the eqn (6)°*°°

I =/12RG (6)

The Kuhn length is twice the persistence length and a
measure of the polymer chain stiffness. For the data shown
in Fig. 3, we obtained / = 8.4 and [ = 11.2 nm for SP and TMP
GGM, respectively. This demonstrates a decreased chain flexi-
bility due to branching, as TMP GGM has a higher galactose
substitution degree than SP GGM according to the chemical
analysis results (Table 2). This is not shown by NMR though,
but here as discussed above the quantification of galactose is a
bit uncertain. Another factor that can affect the results is the
presence of higher amounts of arabino glucurunoxylan consti-
tuents in the SP sample.

Due to a high density of short galactose branches on the
polysaccharide backbone, we expect the GGMs to behave as
comb-like polymers. A computational study showed that
branching considerably stiffens the backbone of comb-like
polymers and the Kuhn segment length increases with increas-
ing side chain length due to excluded volume interactions
between side chains.”

AFM of cellulose film. The microcrystalline cellulose Avicel
used in this study for the film formation has a crystalline
structure characteristic to a native cellulose 1. In order to
solubilize cellulose, the strong inter and intramolecular hydro-
gen bonds need to be broken. This is achieved in LiCl/DMAc
solvent as Li~ anions form even stronger hydrogen bonds
with the hydroxyl group protons of cellulose.”” By breaking
the hydrogen bonding network, cellulose fibres disintegrate
into individual polymer chains or smaller bundles that can be
dispersed in solution. Thus, it is likely to expect a change of
cellulose crystal structure, when the cellulose is recrystallized at
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surface from the LiCl/DMAc solvent. In fact after dissolution,
the crystallinity index usually decreases to a value typical for
a semicrystalline matrix (cellulose III).”* Different aspects of
crystallinity of cellulose and quantification has been thor-
oughly discussed by Krissig.”® Important also to consider is
the size of the crystalline domains, which can be estimated
from broadening of the X-ray powder pattern.”* Aulin et al. has
used small incidence angle X-ray diffraction to estimate the
crystallinity of thin films of cellulose prepared using different
methods and sources.”” They estimated the crystallinity of the
type of surface films used in the present study to be about
15% or less.

Films from dissolved cellulose were characterized with AFM
in non-contact mode in air before the ellipsometry and neutron
reflectometry experiments. Fig. 4 shows the topographical
features of the spin-coated cellulose surface. The surface is
uniformly covered with cellulose fibrils associated in random
network giving a fairly smooth layer and the root mean square
roughness of the film is 3 nm.

We note that the applied protocol gives high reproducibility
when it comes to surface structures as observed with AFM in
air. Unfortunately, it is not possible to determine the crystal-
linity of the film with AFM. It was also not possible to image the
surfaces under water with the used AFM set-up. This is partly
due to swelling of the surface layer as observed by ellipsometry
and described further below. Swelling of the cellulose film in
water has also been observed by Aulin et al.”®

Ellipsometry. The adsorption of mannans at low concen-
tration (0.02 mg mL ") were studied in situ with null ellipsometry.

1000

750

Fig. 4 AFM topography image of a cellulose film spin coated on silica
substrate.
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Fig. 5 Adsorbed amount (red) and layer thickness (green) of TMP GGM on
a hydrophobic silicon oxide surface.

Fig. 5 shows the results from a typical adsorption measurement.
The sample was added to the cuvette after the substrate had been
equilibrated in the buffer. The kinetics of the adsorbed amount
was then followed and after the plateau in adsorption is reached,
the cuvette was rinsed with a neat buffer solution to reveal the
reversibility of the adsorption.

Fig. 6 summarizes ellipsometry results for mannans on
hydrophobic and cellulose coated surfaces. The adsorption
versus time data are shown in Fig. S6 and S7, in the ESIL.f The
adsorbed amount is higher on cellulose surfaces than on
hydrophobic surfaces for all studied polysaccharides. This
suggests a stronger attractive interaction of mannans to the
cellulose surface. One might speculate that this is due to a
specific interaction between the two types of polysaccharides,
i.e. mannans and cellulose. It is known that simple sugar
surfactants, ie. hexadecyl maltosides, show strongly attractive
head group interactions, which is different for different stereo-
isomers and have large effect on the assembly behaviour.”

Similar tendency has also been observed with bacterial cellu-
lose produced in the presence of mannan-based polysaccharides
leading to a co-crystallisation of polysaccharides.****”” A contri-
buting factor could also be that the rougher cellulose substrate
gives a larger effective area and hence a larger number of
adsorption sites.

We note that the ellipsometry data has been analysed with a
model comprised of individual homogenous layers, i.e. silicon,
silicon oxide and a top layer consisting of cellulose that also

4
Hydrophobic = Cellulose

3 =
cEn 2 Y - I
B = 1 =

1 I =

o

LBG GG IvLBG TMPGGM SPGGM

Fig. 6 Adsorbed amounts of mannan-based polysaccharides on hydro-
phobic and cellulose surfaces studied by ellipsometry. Data is represented
in the order of decreasing polysaccharide molecular weight. Measurements
were repeated at least once.
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includes mannans after adsorption. We have used an alterna-
tive model with a separate mannan layer on top of the cellulose
layer (Table S3, ESIf). We would like to remind that the
cellulose films prepared with the above described method is
expected to have a semicrystalline structure. We also note from
the AFM image in Fig. 4 that the film has a rather open
structure and we can expect that such a structure can entrap
a significant amount of water, leading to swelling of the film.
This was also observed with ellipsometry (Fig. S5, in the ESI¥).
Since the mannan-cellulose surface interaction is more favour-
able than the water—cellulose surface interaction, mannan
polymers adsorb on surface replacing the water molecules.”*
Under such conditions we can regard the adsorption process as
entropically driven. Compared to a flat and smooth hydro-
phobic surface the rougher cellulose surface has also a larger
effective area to which hemicellulose can bind.

The adsorbed amount of the mannans to the cellulose
surface is dependent on the molecular weight of polymer
chains as the highest value was obtained with the 556 kDa
Locust bean gum (3.4 £ 0.2 mg m™?) and the lowest one
with the 5.9 kDa SP (2.1 + 0.3 mg m ?) and 14 kDa TMP
GGM (2.1 + 0.1 mg m ™). The effect of the molecular weight on
the adsorption of polysaccharides was previously noted by
Kabel et al.>® who compared the adsorption of xylans with
different molecular weights to bacterial cellulose. However, a
study by Hannuksela et al.® on the interaction between enzy-
matically modified guar gum and bleached kraft pulp found
that the galactose substitution degree has a stronger impact on
the adsorbed amount to cellulose than molecular weight. The
highest adsorption was found for mannans with lower density
of galactose units for both high and low molecular weight
samples. The authors suggested that a close contact between
mannan backbone and cellulose surface is necessary to obtain
high adsorbed amount and a large density of side groups
prevents this close contact.

We can conclude that all studied mannan polymers have
fairly hydrophobic character based on the ellipsometry results
that show significant adsorption on the hydrophobic surface.
GGMs give higher adsorbed amount on hydrophobic surfaces
than galactomannans. A plausible explanation is the acetylation
carried by the GGM backbone but not by the galactomannans
(Table 2).

The NMR spectra indicated that the acetylation is randomly
distributed along the polysaccharide chain. An additional
contributing factor may be the amphiphilic character of sugar
monomers, displaying a hydrophobic surface that makes
hydrophobic interactions favourable’® as described e.g. for
cellulose.”®®® The hydrophobicity of mannoses is suggested
to be similar or even slightly higher than for glucose.”® With the
lower degree of galactosylation of the used GGM (Table 2) it
could be argued that the GGM on average have longer unsub-
stituted backbone regions which potentially, in addition to
acetyls, could be responsible for interactions with the hydro-
phobic surface. All the polysaccharides have higher adsorbed
amount on the cellulose surface than on the hydrophobic
surface. This is possibly due to attractive interaction between
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Table7 The summary of the adsorbed amounts on hydrophobic surfaces as followed with ellipsometry and QCM-D, and the calculated solvent content

in the adsorbed layer

LBG GG LVLBG TMP GGM SP GGM
Adsorbed amount (mg m™~?) QCM-D 26+ 6 30 + 10 31+4 28+3 28+1
Ellipsometry 0.94 £ 0.09 1.53 £ 0.03 0.8+ 0.1 1.6 £ 0.1 1.50 £ 0.03

Solvent content [%) 96 95 97 94 95
the carbohydrate groups of the adsorbing polymer and those in 10° 4 - :
the cellulose surface. Although this cannot be the driving force e .
of the hemicellulose attachment, it can possibly make the 10" 4 ;“‘ 3 3‘
adsorption less reversible. In this respect, it can lead to an 'g A
apparently higher adsorption. In addition, the more open 10° 3 ; ol
structure of the cellulose film will lead to higher specific area . %o 00 150
as discussed above. The adsorption was found to increase « 10773 Distance from interface (A)
with the molecular weight and in contrast to the study of .
Hannuksela et al.,” we did not find a correlation between 03
difference in branching as indicated by the chemical analysis 164 ;:;:f"‘-mg__ ;r” - .
(Table 2) and adsorption. Ftt T

Quartz crystal microbalance with dissipation. The adsorp- 10° 4 ‘ ! T"'
tion of mannan-based polysaccharides on hydrophobic surface
was studied using QCM-D. The adsorbed amount on hydro- 0.:)5 0.‘10 0.‘15 0,‘20
phobic surfaces was obtained from fitting the data to the ah

Voigt viscoelastic model, see ESI{ (Fig. S8, in the ESIf). The
adsorbed amounts recorded by QCM-D (Table 7) are signifi-
cantly higher than those obtained with ellipsometry. This is
because QCM-D measures the wet mass of the adsorbed layer
that includes coupled water. The combined results from
ellipsometry and QCM-D show that the adsorbed mannan
layer is highly hydrated with the solvent amount above 90%.
Here is noteworthy that the SAXS data suggest that the GGM
polymer chains are quite stiff, presumably due to the presence
of galactose side chains. Unless the GGM chain is parallel to
the surface, portions of the GGM molecules will extend into
solution and contribute to the large added amount as revealed
with QCM-D, i.e. larger amount of coupled water. The high
content of water in the adsorbed layers of mannans have
already been reported previously with 91% for GG and 65% for
GGM.?**! However, the dry mass of the added layer of GG and
GGM on cellulose (0.26 mg m™> and 0.6 mg m™?) is much
lower than the one obtained in the current study (2.8 mg m 2
and 2.0 mg m ?) with the ellipsometry. This could be
explained by the difference in the thickness of the cellulose
layer. As shown in Fig. S9 (in the ESIY), the thickness of a
cellulose layer has a significant effect on the adsorbed amount
of the mannan.

Neutron reflectometry. Neither ellipsometry nor QCM-D
allows for a determination of the density profile of the adsorbed
biopolymer layer perpendicular to the surface; the adsorption
of TMP GGM on hydrophobic surface was therefore studied
with neutron reflectometry. The reflectivity curves and model-
ling results are shown in Fig. 7. The model fit parameters are
summarized in Table 8.

A significant change in the measured reflectivity is observed
after the addition of TMP GGM compared to the bare surface,
although the changes in the measurements with H,O solvent

This journal is © The Royal Society of Chemistry 2020

Fig. 7 Neutron reflectivity as a function of momentum transfer (q) of
pure hydrophobic surface (dark red in D,O and dark blue in H,O) and
after adsorption of TMP (light red in D,O and light blue in H,O).
Solid black lines represent the theoretical fit. The inset illustrates the
scattering length density (SLD) profile as a function of distance from the
Si surface based on the fitting with the numbers indicating layers
described in Table 8.

are smaller due to the comparatively low scattering contrast
between H,0 and TMP GGM.

The best fit to the data with a z* of 3.6 was obtained by using
a simple optical model where the TMP GGM layer is divided
into two. Here, the layer closest to the hydrophobic surface is
expected to have more of GGM moieties with acetyl groups and
parts of the hydrophobic layer i.e. the transition layer. The top
layer is expected to be much more hydrated with more of the
non-acetylated sugar moieties. The roughness takes care of the
fact there are no sharp borders between the layers, but rather a
(Gaussian) distribution of matter.

The transition layer is around 4 A with the scattering length
density (SLD) equal to 0.7 x 10 ®A"2in D,0 and 0.5 x 10 °A~?
in H,O. This suggests that there is very little water in this
layer. The top layer is 210 A with the SLD of 3.4 x 10°° A~% and
1.9 x 107° A2 in D,0 and H,O, respectively. According to
Raghuwanshi et al.®* every glucose unit in cellulose contains
three hydrogens that are instantly exchanged with deuterium,
therefore SLD of the polysaccharide is different in D,O and
H,O. The top layer is much thinner than expected from the
hydrodynamic radius (see Table 6), indicating that the polymer
takes a flat conformation on the hydrophobic surface. As we
have shown previously by combining the results obtained with
ellipsometry and QCM-D, the top layer is highly hydrated with
the solvent amount of 97%.
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Table 8 Parameters obtained from the fitting of NR data measured in D,O and H,O. The numbers correlate to the layer numbers in the SLD profile in

Fig. 7
1 2 3 4
SiO, Hydrophobic layer Transition layer GGM
D,0 H,0 D,0 H,0

SLD [10”’ A’z] . 3.47 —0.44 £ 0.02 0.68 £ 0.08 0.5 £ 0.4 34+01 1.9 £ 0.5
Layer thickness [A] 15.6 £ 0.2 15.8 £ 0.1 4.0 £ 0.2 210 + 11

Solvent [v/v, 2’/0] 8.7 £ 0.6 6.9 = 0.3 14 £1 97.1 £ 0.1
Roughness [A] 8.2+ 0.1 8.3 + 0.1 2.1+ 0.2 97 +13

Conclusions

The nature of the interactions between hemicellulose and cellu-
lose is important for both understanding the processes inside
plant cell walls, as well as a tool for development of various
sustainable materials to replace fossil-based ones. Although
these interactions have been studied since 1980s, the nature of
the interactions are still not fully understood due to lack of
access to well-defined samples and challenges when it comes to
preparation of samples and characterisation techniques.

The main aim of this work was to reveal the structural
properties of softwood hemicellulose that controls their affinity
to cellulose surfaces. The adsorption of softwood hemicellulose
(GGM) and similar galactomannans was studied with ellipso-
metry, QCM-D and neutron reflectometry. To provide further
understanding of the forces that control the interaction
between hemicellulose and cellulose, the adsorption was also
performed on the hydrophobised silica. The combined results
from these measurements show:

1. All polymers showed a higher adsorbed amount on the
cellulose surface than on the hydrophobic one. This can be
related to the larger specific area of the cellulose layer. In addition,
attractive interaction between the adsorbing polymer sugar
groups and corresponding groups in the cellulose layer might
contribute to anchoring the polymer to the surface.

2. The substantial adsorption to the hydrophobic surface
indicates that the polysaccharides have a fairly hydrophobic
character. The results also suggest that GGM samples are more
hydrophobic as shown by NR possibly due to the presence of
acetyl side groups in the GGM structure that interact with the
hydrophobic surface.

Cellulose films prepared in this study are expected to have a
semi-crystalline nature with amorphous regions entrapping
large amount of water molecules. The interaction between
mannan and cellulose molecules are more favourable than
cellulose-water interaction due to relatively hydrophobic
nature of both polymers. We therefore expect that increase
of entropy due to the release of water upon adsorption is one
of the driving forces.

Mannans form a diffuse monolayer with parts extending
into the solution as observed by QCM-D and NR. This is
supported by the SAXS data showing that GGMs are quite stiff,
likely due to bulky galactose side groups. DLS, SLS and Cryo-TEM
indicate that polymers are present in the solution in the
aggregated state. However, the observed thickness of the layer

Soft Matter

is smaller, which indicates that they rearrange and take flat
conformation at the interface.

The adsorption to cellulose coated surface increases with the
molecular weight, however, no clear impact of the galactose
substitution degree was found.
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TMP anomeric assignation:

Table S1 'H and 3C NMR data of the anomeric region for the TMP GGM

Constituent H (ppm) BC(ppm) Annotation Figure Key
5.19 94.86 a-ManpR Mar
4.94 100.23 -4)-B-Manp-(1-, 2-0-Ac M2
4.90 99.64 -4)-B-Manp-(1-, 2-0-Ac M2
mannose 4.91 94.77 B-ManpR Mbr
4.84 100.62 -4)-B-Manp-(1-, 3-0-Ac M3
4.76 101.20 B-Manp-(1- M
4.74 101.30 -4)-B-Manp-(1- 4Manb
4.53 103.55 -4)-B-Glcp-(1- Glcb
glucose
4.52 103.65 4)-B-Glcp-(1- Glcb
galactose 5.03 99.84 aGalp-(1- Gala

Other polysaccharides

4.49 102.76 -3,4)-B-Xylp-(1- X34b
arabino glucuronoxylan

5.28 110.37 a-Araf-(1-3 Ara3
arabinogalactan 5.10 108.62 Ara3

4.64 105.50 -4)-B-Galp-(1- Galb

B-Galactan
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Table S2. NMR spectra peak assignment for SP Sample

1 2 4 5 6a 6b
Figu lH 13c lH 13C lH 13c lH 13c lH 13C lH 13c lH 13C
Constituent ﬁ re (epm (pp  (ppm (pp (PP (P (ep (PP (P (kP (PP (PP (PP (PP
= Ky ) m ) m m m m m m m m m m m
o
9.
mannose Manp Mar 5.18
87
R
-4)-B-
Manp- 100 72.
2. M2 494 0 549 OO
O-Ac
-4)-B-
Manp- o, 99. 542, 72. 40 71. 38 77. 35 76
(1-,2- : 65 552 72 4 16 6 14
O-Ac
5an Mbr 488 94
P 491 77
R
-4)-B-
Manp- 100 412, 69. 51 74 40 74
(1-, 3- M348 o 4 8 48 4 28
O-Ac
B_
101 71. 36 73. 35 67. 34 77. 39 6L 61.
xf‘“p' Mo 476 1 07T 55 4 g9 7 75 3 s 4 99 Y a3
3.7 3.7
,\:LE o 101 7L, 72. 7, 78. 34 75. 2'7 61. 3.8 61
P anp % 3 : 06 38 53 38 48 9 "6 1 8
(1- 3.9
2 1
lucose gl)c'ﬁ_' Gle  ,.p 103 ... 73 36 74 36 79. 37 77
€ (1_” b : 55 8 9 97 2 55 9 5
é)I’CB'_ Gle ., 103 36 79
P b : 65 9 55
(1-
aGalp-  Gal 99. 69. 39 70. 40 70. 39 71 37 62
lact 5.03 3.82
galactose (1- a 84 5 48 1 28 94 5 29
Other
polysaccharid
es
alrab"w | ;:"l X34 448 102
glucuronoxyla yip: b 4.49 77
n (1-
3.3
);43'[_5' Xab 35 73 6, 64.
(ly_ P 6 8 41 04
3
o
GlcpA-  aGlc 3.56 ;;
(12
ao-Araf-  Ara
(1-3 3 5.28!
-4)-B-
Gal 105 41 78
B-Galactan Galp- b 4.64 5 3 77
(1-
h -3)-B-
Arabinogalact Gal 105
an (Glf'p’ M

from 1D 1H spectrum
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SP Mannose region assignation:

H6 OMe
H6 4Manb -
§ s eahbGala
H6 4Manb <@
H5 X4b H6 ——
= ¢ pipeet Y
H4 e
bt ®
H2M3 H2Gala
> H4 Gala- B
H2M > o= ,
Figme i H2 aGlc
H2 4Manb e v H3_4Ma_nlz.3_> a
: {3 > H2Glch
== H4 M3 H3 4Manb "_ (__::'a . )
s> o 2 i @—v
H5M2©  HS54Manb
1. "t SRS
H5GIcb ' == —+.H5
H4 Galb . —=ZHAM2 o =5
® H4M2= *  H4Glch
+ ET &
H4 Glcb

L 2]

44 43 42 41 40 39 38 37 36 35 34 33 3.2

ppm

Figure S1 Assignment of cross peaks for mannose in HSQC (Table S2).
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DLS autocorrelation functions:
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Figure S2 Dynamic light scattering correlation functions of mannans obtained for different angles.
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SAXS scattering curves:
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Figure S3 Scattering curves of TMP and SP GGM samples at concentrations of 5 mg/mL and 20 mg/mL.
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Figure S4 Cryo-TEM image of TMP GGM
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Table S3 Ellipsometry results obtained by fitting experimental data on cellulose surface to a 3-layer model.

Adsorbed amount

Layer Refractive index Thickness [A]
[mg/m2]
LBG 1.416 57 3.1
1 Cellulose 1.424 450 28.1
SiOn 1.470 274
Si 5.512
LBG 1.408 50 2.4
) Cellulose 1.420 460 27.4
SiOn 1.466 279
Si 5.475
GG 1.418 44 2.5
1 Cellulose 1.423 460 28.4
SiOn 1.467 297
Si 5.515
GG 1.413 56 2.9
Cellulose 1.421 414 24.9
2 SiOn 1.465 270
Si 5.470
LvLBG 1.421 37 2.2
1 Cellulose 1.425 394 24.9
SiOn 1.472 268
Si 5.478
LvLBG 1.418 35 2.0
Cellulose 1.423 439 27.1
2 SiOn 1.471 267
Si 5.479
TMP 1.417 38 1.9
1 Cellulose 1.413 438 23.7
SiOn 1.472 278
Si 5.478
TMP 1.417 39 2.0
Cellulose 1.423 486 30.0
2 SiOn 1.471 260
Si 5.477
SP 1.416 41 2.0
1 Cellulose 1.42 411 24.4
SiOn 1.468 276
Si 5.478
SP 1.412 37 1.7
Cellulose 1.417 432 24.7
2 SiOn 1.468 261
Si 5.481
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Figure S5 Cellulose film swelling in water as observed with null ellipsometry
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Figure S6 Mannan adsorption on hydrophobic surface measured with ellipsometry
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Figure S7 Mannan adsorption on cellulose surface measured with ellipsometry
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QCM-D data and fitting:
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Figure S8 Mannan adsorption on hydrophobic surface measured with QCM-D. Results were fitted to the Voigt viscoelastic
model using at least three overtones. Theoretical fit is represented by solid lines.
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Figure S9 The adsorbed amount of GG on the cellulose films spin coated at different speeds determined with
ellipsometry
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Abstract

Cellulose and hemicellulose form complexes inside plant cell walls in order to protect the cells from
deformation and provide stability. This study aims to further improve the knowledge regarding the
interactions between these two polysaccharides, to aid in the design of novel materials, as well as
provide insight into the mechanisms of formation of the complex structures inside plants. Here we
investigate the adsorption of wood- and seed-based -mannans to model cellulose films. The properties
of the cellulose films, e.g. crystallinity, were first evaluated with attenuated total reflectance Fourier
transform infrared spectroscopy, based on quantification of the unexchangeable hydroxyl groups in a
D,0 environment. The spin-coated bacterial cellulose films contained both crystalline and amorphous
regions with around 8% of inaccessible hydrogen atoms. The films were characterized with neutron
reflectometry before and after adsorption of hemicellulosic heteromannans to determine their thickness
and solvent content. The spin-coated cellulose films were rather thin (10 to 15 nm) and highly hydrated
with the solvent penetration above 75%. B-Mannan chains were found to penetrate the cellulose film
for all hemicellulose samples. The highest adsorbed amount of hemicellulose was obtained for the
sample with the lowest content of galactose side chains and with the lowest molecular weight, as these
smaller and more flexible molecules are able to diffuse into the cellulose layer more extensively.
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Introduction

Cellulose is the primary polysaccharide that makes up plant cell walls. Cellulose chains assemble to
form crystalline and amorphous fibrillar networks that provide mechanical strength to plants.
Hemicellulose is the largest non-cellulosic polysaccharide found in plant cell walls. Hemicelluloses
have higher aqueous solubility and provide additional strength and elasticity to the cell walls, as well
as controlling the aggregation of cellulose microfibrils. Some hemicelluloses are stored in the secondary
plant cell walls as an energy source.! Both of these polysaccharides have garnered a lot of attention as
a potential replacements for fossil-based matter due to their biodegradable nature and vast abundance
of the raw material. Wood consists of about 40-50 wt% cellulose but other plant tissue e.g. in cotton,
consists of more than 90 wt% of cellulose.> Hemicellulose content varies not only in different plants
but also between different cell wall types (primary or secondary).

Hemicelluloses are often divided into xyloglycans, mannoglycans, xyloglucans and S-glucans with
mixed linkages, based on the types of sugar and sugar linkages they contain.? Xyloglucans are the major
hemicelluloses in primary cell walls with the highest amount found in dicotyl plants (20-25%).
Xyloglucans have a similar backbone to cellulose, containing (1—-4)-8-D-glucopyranan and a-D-
xylopyranose branches at the C-6 position. It often also contains other monosugars. Xyloglucans are
also stored in the seeds of nasturtium and tamarind plants. In the secondary cell walls of dicotyl plants,
however, the predominant hemicelluloses are xyloglycans or xylans (20-30%). Grass cell walls contain
up to 50% xyloglycans.* Xylans consist of a (1—>4)-f-D-xylopyranan backbone alone or with branches
containing various oligosaccharides, D-glucuronic acid or its 4-O-methyl ether. f-D-glucans containing
1-3 and 1—4 linkages occur only in Poales plants such as cereal grasses. Mannoglycans consist of
(1-4)-B-D-mannopyranan with (1-6)-f-D-galactopyranose side groups, therefore they are often
called galactomannans (GMs). Galactomannans with low galactose substitution degree (around 4%
galactose) are present in the seed endosperm of ivory nut (Phytelephas macrocarpa), date (Phoenix
dactylifera) and in the green arabica coffee beans. Highly substituted galactomannans are mainly found
in the storage tissue cell walls of seeds e.g. guar (Cyanopsis tetragonoloba), locust bean gum (Ceratonia
siliqua) and tara gum (Caesalpinia spinosa). In some mannoglycans, the mannan backbone is partially
substituted with (1—4)-8-D-glucopyranose. Such mannoglycans are often called galactoglucomannans
(GGMs) and they are the primary non-cellulosic components in the secondary cell walls of softwood
such as spruce, pine and poplar. In addition to galactose side groups, GGMs contain acetyl groups
attached at the C-2 and C-3 positions.?

The role of hemicellulose inside plant cell walls is well understood, the nature of the interaction with
cellulose, however, remains unclear. The binding of hemicellulose to cellulose is believed to occur
partly via hydrogen bonding, but the process has been reported to be mainly driven by the gain in
entropy upon the release of water molecules when hemicellulose chains attach to cellulose. 37 In
addition, the composition and structure of hemicellulose, as well as cellulose type and crystallinity, is
expected to control the strength of the attractive interaction. The adsorption of hemicellulose to
cellulose has been studied extensively. For instance, the backbone unit conformation of hemicellulose
has been shown to affect the aggregation behavior of the bacterial cellulose when produced in the
presence of different types of hemicelluloses. ® The absence of the axial hydroxyl groups in xylan-
based hemicelluloses and cellulose allowed a closer contact between the backbones resulting in co-
crystallization of the components. f—Mannans, on the other hand, decrease the crystallinity of the
composite as compared to the pure bacterial cellulose. The branching degree has been shown to impact
the adsorption behavior of different kinds of hemicellulose.** A large side group content disrupts the
intimate alignment between the backbones, leading to a lower contact area between the polysaccharides.
It has been shown that at least 15 consecutive unsubstituted xylosyl or 4 glucosyl units are necessary
for efficient binding.!®!> Cleaving off the side groups from the backbone reduces the solubility of the
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hemicellulose and has been shown to facilitate its adsorption to cellulose surfaces.!'!* High galactose
substitution degree has been shown to decrease the flexibility of the hemicellulose backbone which in
turn hinders the ability of the polysaccharide to penetrate cellulose pores.®!®!”

Interestingly, when considering the effect of molecular weight on the adsorption, contrasting results
have been reported. A higher molecular weight of oat spelt xylans has been shown to significantly
increase their adsorption to cellulose surfaces.!” A study performed on enzymatically modified guar
gum samples demonstrated that their adsorption to a bleached kraft pulp is affected by molecular weight
but more so by the degree of branching.'® However, it has also been highlighted that polysaccharides
with lower molecular weight are able to penetrate the cellulose layer and occupy smaller pores.®!°

We have previously shown how solution properties of several types of hemicelluloses affect their
adsorption to spin-coated microcrystalline cellulose surfaces. In this study, we focus on the properties
of cellulose films, mainly crystallinity, and the distribution of hemicellulose across the cellulose layer.
The crystallinity of the deuterated bacterial cellulose film was determined from the amount of the
inaccessible hydroxyl groups present in a D,O environment. The adsorption of hemicellulose samples
originating from various sources to the d-cellulose surfaces was monitored using neutron reflectometry
(NR), which provides information about the scattering density profile of the layer and, therefore, its
composition perpendicular to the substrate surface.

Experimental
Materials

N,N-dimethylacetamide (DMACc), lithium chloride (99.0% LiCl) and dimethyloctylchlorosilane
(DMOCS, 97%) were purchased from Sigma-Aldrich, Sweden. LiCl, was dried at 200°C
overnight and used immediately. Purified water (18 MQ cm) was obtained by passing deionized
water through a Milli-Q® Water Purification system (MerckMillipore, Darmstadt, Germany)
and was used for the preparation of all solutions. All other solvents and reagents were of
analytical grade and were used as received.

Hemicellulosic B—mannan samples. Galactomannan polysaccharides, guar gum (GG) and locust
bean gum (LBG) were obtained from Megazyme International (Bray, Ireland). Spruce
galactoglucomannan samples were obtained from the spruce thermomechanical pulp process
waters (TMP) and spruce chips that were subjected to steam extraction (SP) according to
Lundqvist et al.' TMP was purified using ultrafiltration and diafiltration as described in detail
by Andersson et al.’® whereas the purification of SP was performed with size exclusion
chromatography as described by Palm and Zacchi.?! The GGM preparations were freeze-dried
and stored under dry conditions at room temperature. Detailed NMR analysis of the samples is
described in Naidjonoka et al.!” Carbohydrate composition and molar weight of all the
polysaccharides used in this study are summarized in Table 1.

Table 1. Denotation, molecular weight and molar ratio of different B—mannan based polysaccharides. The GGM chemical

analysis is from Naidjonoka et al.'” and the reference is for the method of preparation. The guar gum and locust bean gum
data is from the supplier?

Molecular Molar ratio

Sample weight [kDa] Man Gal Glc  Acetyl Ara Xyl Reference
Guar gum (GG) 250.0 67 33
Locust bean sum LBG 556.0 78 22 2
g LBG* 107.0 78 22
Spruce TMP 14.0 50 15 15 20
galactoglucomannan 19-21
(GGM) Sp 5.9 40 6 16 28 2 8
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Bacterial cellulose. Deuterated bacterial cellulose was provided by the National Deuteration
Facility (ANSTO, Australia) and non-deuterated bacterial cellulose was kindly provided by
Cedric Dicko (Lund University). Deuterated bacterial cellulose was produced by
Gluconacetobacter. xylinus (ATCC53524) bacteria grown on D,O medium with d8-glycerol as
the carbon source.?

Sample preparation. Hemicellulose samples were solubilized according to the protocols
described in Naidjonoka et al.!” and diluted with 0.05 M citrate buffer to a concentration of
0.6 mg mL".

Cellulose solutions were prepared using a DMAc/LiCl solvent system according to the method
described in Naidjonoka et al.'’

Substrate preparation. Substrates used for the neutron reflectometry measurements were polished
silicon substrates (Siltronix, Archamps-France) of 9 x 5 x 1.5 cm® capped with a silicon oxide layer.
Surfaces were cleaned according to Chang et al.?* The surfaces were first placed in a base mixture
of 25% NH4OH, 30% H>0,, and H,O (1:1:5 by volume) at 80°C for 5 min and then rinsed with
deionized water, and placed in an acid mixture of 32% HCI, 30% H»0, and H,O (1:1:5 by
volume) at 80°C for 5 min. The silica substrates were thoroughly rinsed with water and ethanol,
then stored in ethanol (99.7%) until further use.

Diamond crystal was used for the ATR-FTIR measurements. The crystal was cleaned with
2% Hellmanex solution and rinsed thoroughly with milli-Q water and ethanol.

Cellulose films were prepared by spin-coating a few drops of clear cellulose solution on the silica
surface or FTIR crystal (spin coater module LabSpin6/8, SUSS MicroTec SE, Germany) at 1700 rpm
for 5s. The spin-coated wafers were annealed at 100°C for 10 min, cooled down to room temperature,
placed into deionized water for 20 min, dried in a nitrogen flow and heated at 100°C for 10 min. The
cellulose covered substrates were used immediately.

Atomic Force Microscopy (AFM). Park XE—100 (Park Systems Corp., Suwon, Korea) was utilized
for the AFM measurements in a non-contact mode. Samples were probed in a dry and liquid state under
ambient conditions. A silicon cantilever with a 42 N/m spring constant and 330 kHz resonance
frequency was used for imagining in the dry state. Images in liquid were obtained using tapping mode
with a silicon cantilever with a 3 N/m spring constant and 75 kHz resonance frequency. The image
analysis was performed with the XEI software (Park Systems Corp., Suwon, Korea).

Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR). A Thermo
Scientific Nicolet 6700 spectrometer equipped with a MIRacle single reflection ATR accessory (Pike
Technologies) was used for these measurements. The crystal of the ATR accessory was diamond. ATR-
FTIR was used to determine the amount of inaccessible hydroxyl groups present in the spin-coated
cellulose films. This was done by passing D>O vapor flow through a flow through cover cell for single
bounce ATR-FTIR crystal (Pike Technologies). The D,O vapor was produced by gently bubbling
nitrogen gas in a D,O containing tube. First, the background spectrum of the clean diamond crystal was
taken. After that, the crystal was spin-coated with cellulose solution as described above. The cellulose
film was then dried by passing N> through the FTIR flow through cover cell for at least an hour. Once
the film was dry, the kinetics measurement was set for 30 min with continuous flow of D>O vapor. The
spectrum was taken once more after 2 and 3 hours from the beginning of the experiment. The cell was
then purged with H>O vapor for 30 min and dried with N, gas. High resolution spectra were taken with
512 scans for the film in dry state, after 30 min, 2 and 3 hours of D,O exchange, after 30 min of H,O
exchange and after final redrying. Kinetics measurement was done for 30 min with a sampling interval
of 1.44 sec and 8 scans per sampling. For all data collection, the spectral resolution was set to 2 cm™.
ATR correction was performed using OMNIC (Thermo Scientific proprietary software). The kinetic
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analysis, including background subtraction and peak integration, was performed in custom written
Matlab (The Mathworks Inc.) scripts.

Neutron reflectometry (NR). Adsorption of the f—mannans was studied with NR on the spin-coated
d-cellulose surface. In specular neutron reflectometry, a neutron beam is directed towards a substrate
and the intensity of the radiation reflected at the same angle as the incident beam angle is measured as
a function of the scattering vector Q (see Eq. 1)

Q= =sin(Bin) M
0

where 4, is the neutron wavelength and 6;,, is the angle of incidence.

Measurements were performed at Australian Nuclear Science and Technology Organization (ANSTO)
on the Platypus reflectometer over a Q - range of 0.001 — 0.4 A" and at ISIS Rutherford Appleton
laboratory on the POLREF reflectometer over a Q - range of 0.0085 — 0.25 A",

The specular reflectivity of the bare silica surface in deuterated (D,O), protonated (H>O) and contrast
matched silicon (CMSi) buffer was measured versus Q, after which the substrate was covered with a
cellulose layer by spin coating, as described above, and the layer was characterized in all three solvent
contrasts. The B—mannan sample in D,O buffer was then injected and left for 1 hour to adsorb, after
which, NR curves were measured after rinsing with D>O-, CMSi- and H>O-based buffers, respectively.
The reduced data was evaluated with the Motofit software, which uses the Abeles matrix method to
calculate the reflectivity from a stratified interfaces.?¢ The best fit for the reflectivity curves of the
cellulose films was obtained with a model containing the following layers: SiO,-(Cellulose0)-
Cellulose1-Cellulose2. The model to fit the reflectivity curves of the cellulose layer with the adsorbed
B—mannan polysaccharides consisted of SiO, modified Cellulosel and Cellulose2 layers (to account
for hemicellulose penetration) and an extra layer representing adsorbed hemicellulose (Layer 3).

The adsorbed amount (I') of the hemicellulose on the cellulose films was calculated using Eq. 2

=3 @

where @ is the volume fraction of hemicellulose in the film, T is the layer thickness and V}, is
the partial specific volume (V}, of cellulose acetate = 0.68 was used here).

Results and Discussion
Morphology of the cellulose films in air and liquid environments

Spin-coated cellulose films were imaged using AFM in non-contact mode in air. A typical image is
presented in Figure 1 and shows that the film consists of cellulose microfibrils randomly arranged on
the surface. The height profile of the cellulose fibril layer reaches a maximal value of 12 nm in height
with the root mean square (rms) surfaces roughness of 3.6 nm and shows that the layer uniformly covers
the surface. Similar topography has been observed for films prepared with microcrystalline cellulose
dissolved in the DMACc/LiCl solvent system but for these layers a higher rms surface roughness was
observed.” Dissolving grade pulp solubilized in a similar solvent has been reported to create a non-

28,29

fibrillar spherically shaped topography.

117



2 3 0 B 2 3 i
ym m

Figure 1. AFM topography profile of a spin-coated d-cellulose layer on silicon imaged in air (left) and in liquid (right).

The fibrillar network is less pronounced once the cellulose film is submerged into water due to a
substantial swelling of the cellulose (Figure 1). The height profile of the fibril layer shows a similar
maximum height, but significantly different lateral dimensions. Swelling of the cellulose fibrils also
resulted in a higher rms surface roughness (4.3 nm) as compared to that of the dry film.

ATR-FTIR of deuterated and non-deuterated bacterial cellulose

The spin-coated cellulose films were characterized using ATR-FTIR in order to reveal the crystallinity
of the cellulose. For this purpose, the substrates with cellulose layers were exposed to a saturated D-O
and H,O vapor environments in order to determine the amount of non-exchangeable -OH groups. The
cellulose sugar unit ring contains three -OH groups at C(2), C(3) and C(6), with protons that are easily
exchangeable with deuterium atoms provided that cellulose chains are entirely amorphous. In
crystalline regions, these groups are not accessible to the solvent and this property can be used to
evaluate cellulose crystallinity.3*2

Figure 2 presents FTIR spectra of the spin-coated bacterial d-cellulose (d-BC) and non-deuterated
(h-BC) cellulose film under different conditions. The spectra recorded under dry conditions represent
the initial state of the spin-coated films, in which two main regions can be observed: an -OH stretching
band between 3600-3200 cm™! and the cellulose fingerprint region at 1550-900 cm!, which comprises
bands resulting from the stretching vibrations of C-C, C-O, skeletal and ring vibrations.** 3¢ The peak
observed at 2900 cm! in the dry 4-BC spectra corresponds to C-H stretching. This peak is absent in the
d-BC spectra, which contains a signal between 2100 cm™ arising from C-D stretching instead.’” Once
the film was exposed to a D>O vapor, the -OH signal decreased and simultaneously a new band at
around 2500 cm™ appeared, that corresponds to -OD elongational vibrations. The spectra in Figure 2
demonstrate that, although, the intensity of the -OH peak in both deuterated and non-deuterated film
decreased significantly, it did not disappear completely.

Once there were no further changes in -OH and -OD signal intensities, the DO vapor in the FTIR cell
was replaced with H>O vapor. The presence of free water molecules in the cellulose film is evident from
the appearance of a new peak at 1635 cm™. Along with the water signal, an increase in -OH and decrease
in -OD peak intensities were observed. Surprisingly, the -OD signal did not disappear completely and
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persisted even after redrying. This phenomenon of the resistant -OD groups has been widely reported

in literature and is believed to occur due to recrystallization during drying and wetting cycles. 32353839
| a dry h-BC | b
LT —va
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Figure 2. FTIR spectra of #-BC (a) and d-BC (b) films in air (dark blue), in D20 vapor after 30 min (dark red), in D20 vapor
after 2 hours (dark grey), in H2O vapor (green) and redried (light grey).

The kinetic behavior of the exchange between -OH and -OD groups in the spin-coated cellulose layers
was followed during the first 30 min of the reaction. Figure 3 shows the change in the -OH groups with
time in both deuterated and non-deuterated cellulose films. It was assumed that the exchange rate
followed a pseudo-first-order kinetics*

In {[[g:]];} = —kt )

where [OH]o is the initial area of the -OH peak and [OH];is the area of the signal at a time point 7.

The profile of the kinetic curves of the two cellulose films appeared very similar with the most rapid
exchange happening during the first 1-2 minutes of the reaction, after which it slowed down
considerably and continued to decrease throughout the whole experiment at a much lower rate until it
completely stopped after 2 hours.

éé%éé1I 2 37456 789 2 3

Time [min] 10

Figure 3. The change in the area of the -OH peak with time in 4-BC (blue circles) and d-BC (black circles). Red lines represent
fits to the exponential decay.

Generally, the exchange process has been described by a two-step model, wherein the exchange first
occurs in the amorphous regions. Depending on the sample and the setup conditions, the time for this
process may vary from 15 min to a couple of hours. The second step may take up to several days since
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the exchange occurs with less accessible parts of the layer like the surface of the crystallites or at
irregularities.3>334042 Hishikawa et al. suggested that every region where the kinetic curve follows a
straight line corresponds to a domain in the cellulose film with a distinct exchange behavior.* The
curve in Figure 3 can be fitted with two exponential decays suggesting a presence of two distinct regions
as described above. The initial exchange is faster in the d-BC film suggesting a less crystalline character.
The amount of the exchanged -OH groups (7o) was estimated using Equation 34

1.34-Apop

Ton = 1.34-App+Aon ©)

where Agp and Apy are the integrated areas of the signals between 2260-2700 cm™ and 3050-3680
cm’!, respectively. Based on this calculation, the proportion of the -OH groups, that are accessible, is
73% in the deuterated cellulose film and 61% in the 4-BC film. This result supports the observations
from the kinetic measurements, which showed a more rapid exchange in the d-BC film. Considering
that the replacement of protons by deuterium in the backbone of cellulose does not affect the molecular
and morphological properties of cellulose,’” the difference in ron between the deuterated and non-
deuterated cellulose film should arise solely during the cellulose dissolution or spin-coating step.
Bacterial cellulose is known to be highly crystalline, with chains arranged in a parallel manner
characteristic of cellulose I, which has previously been reported to have 6% to 21% accessible -OH
groups depending on the reaction conditions.’?*” In this work, however, the crystalline network of
cellulose fibers has been disrupted to achieve complete dissolution, therefore a higher amount of the
accessible -OH groups is expected. Shanshan ez al. found that, by solubilizing bacterial cellulose in N-
Methylmorphine-N-oxide monohydrate (NMMO), the crystallinity of cellulose decreases from 79% to
38%.% Even though a different solvent system was used in this study, a similar level of crystallinity
after dissolution was observed.

Figure 4. Schematic representation of inter- and intramolecular hydrogen bonds in two parallel cellulose chains.

The -OH stretching signal consists of overlapping bands arising from intramolecular O(2)H---O(6) at
3460 cm’', O(3)H---O(5) at 3340 cm™ and intermolecular bond O(6)H---O(3) at 3230 cm’' (see
Figure 4).%>38 Figure 5 shows difference spectra derived from the first time point and the following
points in the kinetics measurement.
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Figure 5. Change in difference spectra of #-BC (a) and d-BC (b) films in D20 vapor with time with a step of 3 min.

As soon as D,O vapor penetrated the film, in both deuterated and non-deuterated cellulose, the exchange
began on the intramolecular bond O(2)H---O(6) and continued until the end of the experiment. The
exchange at O(3)H---O(5) bond was less active and started later in the reaction. The least affected bond
seems to be the intermolecular O(6)H---O(3) bond. The fact that most of the exchange happens on the
intramolecular bonds has been observed before by Hofstetter et al.>> Even though O(6)H:--O(3) is an
interchain bond and therefore has a weaker character, -OH groups at O(2) are more reactive.*’

Structure of the cellulose films probed by NR

The spin-coated cellulose films were further characterized with neutron reflectometry using three
isotopic contrasts: DO, H,O and CMSi (SLD = 6.35x10°, -0.55x10° and 2.07x10° A2, respectively).
First a bare silicon substrate was characterized in three contrasts and the data fitted to a model consisting
of a Si0; layer (SLD=3.47x10° A?). The simultaneous fit of the model to data recorded in three solvent
contrasts, allowed accurate determination of the substrate’s properties. The results obtained from the
fitting of the bare silicon substrate can be found in Table S1 (ESI).

Considering that every glucose unit in the cellulose backbone contains three exchangeable hydrogens,
the expected SLD of d-cellulose in D>O is 6.85x10° A2 resulting in a poor contrast in D,O. This is
apparent from Figure 6, where the reflectivity profile of the bare silica and the spin-coated d-cellulose
in DO almost fully overlap.
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Figure 6. Neutron reflectivity as a function of momentum transfer (Q) of bare silica surface (filled symbols) in D20 (dark red
rectangle), H2O (dark blue circle), CMSi (dark green rhombus) and d-cellulose surface (empty symbols) in D20 (pink
rectangle), H>O (light blue circles), CMSi (light green rhombus). Solid lines represent the fit to the data. The inset illustrates
the scattering length density (SLD) profiles as a function of distance from the Si surface.

As for the bare silica, a multilayer slab model was applied and fitted simultaneously to data from d-
cellulose measurements in three isotopic solvent contrasts. The multilayer model used for the cellulose
film consisted of two layers, as this was found to give a better fit than a single layer (see Figure 7). The
two layer model has previously been applied before to describe bacterial cellulose films.* For one of
the samples, sample 2 (see Table 2), using a model with an additional layer (layer 0), i.e. a three layer
model, significantly improved the goodness of the fit. The 6 A thick layer 0 for this sample, next to the
silicon surface, was found to be dense and to include about 4% of trapped H,O that is non-exchangeable
in different contrasts, possibly due to remaining water from the drying step in the film preparation.
Cellulose is a hydrophilic polymer that accumulates a large amount of moisture from the surrounding
environment. The presence of bound water in cellulose samples even after extensive drying has been
widely reported and investigated.’' 3

Mo —— Cellulose

6= v Hemicellulose

Figure 7. Schematic representation of the model used to fit the reflectometry data before and after hemicellulose adsorption
on cellulose surface.

Table 2 summarizes of the results obtained from the NR investigation of cellulose films before and after
adsorption of hemicellulose (discussed in the following section).

As it can be seen from the data presented in Table 2, layers 1 and 2 have very distinct features. The
thickness of layer 1 (inner layer) ranges from 27 to 58 A with a very low roughness that varies slightly
between the samples. All of the samples, however, have a very high solvent content in layer 1 (above
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75%). Extreme swelling behavior of cellulose in water has been widely reported in literature with up to
89% of solvent uptake in the amorphous films.?”?*3-56¢ The DMACc/LiCl solvent system is known to
achieve complete dissolution of the cellulose fibrils, therefore cellulose films prepared from such
system often demonstrate the highest degree of swelling.? It should be noted that the roughness of layer
1 in sample 3 is much higher than that of the other samples, which can be attributed to the fact that it
was prepared from a different batch of the cellulose solutions.

Table 2. Thickness (T), solvent volume fraction (V) and roughness (R) of cellulose (C) layers before and after addition of the
B—mannan-based polysaccharides obtained from the fitting of a two or three layer model to the NR data. Here SP is steam

extraction and TMP is thermomechanical pulp galactoglucomannans, LBG* is 107 kD locust bean gum galactomannan and
LBG is the corresponding higher molecular weight sample (556 kD), GG is guar gum galactomannan.

Sample 1 2 3 4 5
Layer | Parameter C SP C TMP C LBG* C GG C LBG
T [A] 6
0 V [%] 4
R[A] 1
T [A] 37 27 58 66 38 39
1 V [%] 82 83 75 64 81 85
R[A] 1 0.3 37 20 2 1
T [A] 74 83 87 98 94 103 66 72 78 100
2 V [%] 69 21 72 55 72 67 72 54 73 67
R[A] 69 58 46 66 69 57 60 58 69 55
T[A] 178 148 130 122 124
3 V [%] 94 94 81 82 92
R[A] 34 45 65 65 43

Layer 2 seems to be thicker and rougher than layer 1, with a slightly lower solvent content. Solvent
gradients in the spin coated cellulose films have been reported in literature and could arise from
molecular confinement or due to effects of the supporting surface.’® Based on these observations, it can
be can speculated that spin-coated cellulose films have a thin and more crystalline inner layer next to
the silica surface and a thicker outer layer with cellulose microfibrils extending into solution. The
presence of more crystalline regions in the film next to the supporting surface is consistent with the
ATR-FTIR showing that d-cellulose contains 27% inaccessible hydroxyl groups or 8% of all hydrogens
in the cellulose structure. It is noteworthy that this layer has a high solvent uptake in spite of the relative
crystallinity of the cellulose. However, water penetration between crystalline planes has been noted
before in films prepared with cellulose nanocrystals.?’ The overall thicknesses of the cellulose films
vary from 10 to 15 nm.

As it was mentioned above, the SLD of cellulose is different in D,O and H,O contrasts, due to the
exchangeable hydrogens in the structure. The expected SLD of d-cellulose is 6.85x10° A2 and
5.33x10° A? in D,O and HO, respectively. However, the model fit was quite poor when the SLD
values were fixed to the theoretical ones, therefore, the SLD values were also fitted within a reasonable
margin. Table 3 shows a summary of the obtained SLD values of d-cellulose in different samples from
the fit in various contrasts. It should be noted that the cellulose film in sample 3 was only characterized
in CMSi and H,O contrast due to time constraints.

The obtained SLD values for d-cellulose in D>O are slightly lower than the theoretical ones indicating
that the layer contains up to 10% of non-exchanged hydrogens. This observation should be taken with
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caution since the layer is almost completely matched out in the isotopic solvent, but it should be noted
that a similar result was obtained with ATR-FTIR.

As opposed to the DO contrast, the SLD values of cellulose layer in H>O are slightly higher than the
theoretical ones. According to the fitting results, both the inner and the outer layer contain non-
exchangeable deuterium atoms as it has also been observed in the ATR-FTIR spectra (Figure 2).

Table 3. Scattering length density (SLD) of d-cellulose obtained from fitting the neutron reflectivity curves of layer 1 and 2 in
d-cellulose films (1-5) in D20, H20 and CMSi.

Sample Layer '1 Layer 2
D,0 CMSi H,0 D,O CMSi H,0
1 6.78 6.8 5.62 6.84 5.39 5.67
2 6.54 6.44 5.74 6.77 6.74 5.49
3 6.7 5.62 5.31 5.76
4 6.76 6.77 5.41 6.81 5.36 5.82
5 6.32 6.54 5.75 6.83 5.33 5.72

Hemicellulose adsorption to cellulose films

Figure 8 shows neutron reflectivity curves of the d-cellulose films before and after addition of
f—mannan-based polysaccharides in H,O and CMSi citrate buffer. The largest difference can be seen
in the H>O isotopic contrast, however small shifts are also noticeable in the CMSi contrast. Initially, a
model with an intact cellulose layer and an added hemicellulose layer was used to fit the data, however
this gave a poor fit to the data for all of the samples. Upon noting that the AFM images in Figure 1
indicate a fairly open structure in the cellulose layer, the reflectivity data was fitted to a new model that
allows the penetration of hemicellulose into the outer layer of the cellulose film. In the case of sample
3, the hemicellulose even reaches even the inner layer of cellulose due to a high roughness of the
cellulose film.

It was observed that all of the f—mannans penetrate the outer layer but not the inner layer of the cellulose
film (with the exception of sample 3), possibly due to the presence of crystalline regions (Table 2). As
the hemicellulose penetrates cellulose, the layer becomes thicker and denser, which can be noted from
the increased volume fraction of polysaccharides in the layer. The added layer (layer 3), however,
contains an extremely high amount of solvent (81 - 94%). Similarly high hydration has been previously
observed with these types of B—mannans on hydrophobic surfaces.!”
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Figure 8. Neutron reflectivity as a function of momentum transfer (Q) of d-cellulose surface (filled circles) in H20 (black),
CMSi (dark red) and the layer with adsorbed hemicelluloses (empty circles) in H2O (gray), CMSi (light red). Solid lines
represent theoretical fit. The inset illustrates the scattering length density (SLD) profiles as a function of distance from the Si
surface.

The amount of hemicellulose present in each of the cellulose layers was determined from the calculated
SLD of the layers (the results are summarized in Table 4). The total adsorbed amount of the B—mannans
varies from 3.3 to 6.6 mg m™. The adsorption does not follow a general trend according to the molecular
weight or branching degree. It is interesting to note that the highest adsorbed amount was obtained for
SP, which has both the lowest molecular weight and galactose substitution degree. A Bf—mannan
backbone with lower degree of galactosylation could potentially lead to more favorable cellulose
interaction.’” Perhaps more important in the current case, the SP mannan is smaller in size and less rigid
compared to the other hemicellulose samples. SP molecules were, therefore, able to penetrate the
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cellulose layer more easily. TMP, with a slightly larger molecular weight but a significantly higher
galactosylation, adsorbed to a much lower extent. The lowest adsorbed amount was obtained with LBG,
which has the highest molecular weight among the studied P—mannans, but a similar galactose
substitution degree to TMP and LBG*. This observation indicates that TMP and SP molecules, with
much lower molecular weights, are able to penetrate smaller pores in the cellulose films, resulting in a
higher adsorbed amount. However, the adsorption of LBG* is slightly higher than that of TMP despite
the larger molecular weight. This could be attributed to the difference in the cellulose films. The higher
roughness and thickness of the cellulose film in sample 3 allowed a deeper penetration of LBG*. Once
the adsorbed amount was divided by the cellulose layer thickness (Normalized I'), it can be observed
that there is a decrease in the adsorbed amount with increasing molecular weight of hemicellulose
(except for GG). These results confirm our hypothesis that molecules with smaller dimensions are able
to occupy a larger area as they penetrate the cellulose layer. The second highest adsorbed amount was
obtained with GG, the most extensively substituted mannan and with a relatively large molecular
weight. The adsorption of GG does not follow the trend observed with the other samples possibly due
to the high sample polydispersity or the properties of the spin-coated cellulose layer.

Table 4. SLD of the layers after addition of hemicellulose obtained from the fitting of NR data. The calculated adsorbed

amount of hemicellulose in each layer (I'y), and the total and normalized adsorbed amount of the hemicellulose, as well as the
normalized adsorbed amount of the cellulose layer (I,) are also presented here.

Layer Parameter SP TMP LBG* GG LBG
. SLD [10° A2 4.50
Ty [mg m?] 1.0
5 SLD [10° A2 3.49 3.52 5.12 3.55 4.09
Ty [mgm?] 5.4 3.4 0.8 2.7 2.0
SLD [10° A2 2.74 2.51 2.56 2.65 2.44
? Ty [mgm?] 1.2 1.1 29 2.6 1.2
Total Iy [mg m?] 6.6 4.5 4.7 53 3.3
Normalized total Ty [kg m™] 89 52 50 80 42
Normalized T [kg m™] 116 41 39 41 40

In our previous work, where the adsorption of these types of hemicelluloses on the spin-coated
microcrystalline cellulose films was investigated, we have demonstrated that molecules with larger
molecular weight yield a higher adsorbed amount. However, the hemicellulose concentration used
(0.02 mg mL™") was significantly lower than that used in the current study (0.6 mg mL"). This indicates
that the hemicellulose concentration was not high enough to saturate the porous cellulose films. We can
speculate that the adsorption of hemicellulose on cellulose surfaces follows contrasting tendencies. In
the low concentration regime, the adsorption of small molecules is less favorable due to a loss in
translational entropy. In the high concentration regime, on the other hand, small polymers adsorb more
rapidly to avoid the loss in conformational entropy of large species.” The effect is even more
pronounced here due to the porous nature of the cellulose surface, which acts as a filter, restricting the
penetration of large molecules into the layer.

Conclusions

In this study we used ATR-FTIR in a D,O environment to show that the spin-coated bacterial d-
cellulose films recrystallize on the surface with around 8% of inaccessible hydrogens. These findings
are also confirmed by neutron reflectometry measurements, which demonstrate that the limited

126



exchange also leads to the entrapment of deuterium atoms in the cellulose layer. The neutron
reflectometry data showed that the spin-coated layers were 10-15 nm thick with a gradient of solvent
penetration. Cellulose films seem to have more crystalline regions closer to the silicon oxide substrate
surface with a slightly higher solvent content, compared to the outer layer, that is possibly caused by a
solvent penetration and accumulation between the crystalline planes. The adsorption experiments have
revealed that hemicellulose penetrates the amorphous cellulose outer layer, which confirms a strong
affinity between these two polysaccharides. The penetration was found to be dependent on the
molecular weight of the hemicellulose, with the highest adsorbed amount obtained for the sample with
the lowest molecular weight. The adsorption, however, might have been affected by the increased
rigidity of chains with higher galactose substitution degree.
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Table S1 Thickness (T), solvent content (V), scattering length density (SLD) and roughness (R) of silicon oxide
layer obtained from fitting neutron reflectivity curves of bare silica substrates presented in Figure S1 measured

in three isotopic contrasts

Sample 1 2
T [A] 10.1 10.3
V [%] 0.2 1.25
SLD [106 A2 3.47 3.47
R [A] 3.2 1.4
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Abstract

The colloidal stability of lipid based cubosomes, aqueous dispersion of inverse bicontinuous
cubic phase, can be significantly increased by a stabilizer. The most commonly used are non-
ionic tri-block copolymers, poloxamers, which adsorb at the lipid-water interface and hence
sterically stabilize the dispersion. One of the challenges with these synthetic polymers is the
effect on the internal structure of the cubosomes and the potential toxicity when these
nanoparticles are applied as nanomedicine platforms. The natural polysaccharide, softwood
hemicellulose, has been proved to be an excellent stabilizer for oil-in-water emulsions, partially
due to the hydrophobic lignin which to some extent is associated to hemicellulose.

Herein, we reported for the first time cubosomes stabilized by two types of softwood
hemicelluloses, where one is extracted through thermomechanical pulping (TMP, low lignin
content) and the other from sodium-based sulfite liquor (SSL, high lignin content). The effect
of the two hemicellulose samples on the colloidal stability and structure of GMO-based
cubosomes have been investigated via DLS, SAXS, AFM and cryo-TEM. The data obtained
suggest that both types of the hemicelluloses stabilize GMO based cubosomes in water without
significantly affecting their size, morphology and inner structure. SSL-extracted hemicellulose
yields the most stable cubosomes, likely due to the higher content of lignin in comparison to
TMP-stabilized ones. In addition, the stability of these particles was tested under physiological
conditions relevant to possible application as drug carriers.

Keywords

Cubosomes; stabilizer; hemicellulose; lignin
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Introduction

Non-lamellar Lipid Liquid Crystalline Nanoparticles (LLCNPs) have been widely studied in
the last decades due to their intriguing structure and morphology. Examples of these kind of
aggregates are cubosomes,’”> hexosomes>® and the dispersion of sponge phase
(spongosomes).*?

Cubosomes are dispersions of an inverse bicontinuous cubic phase in which a curved non-
intersecting bilayer forms two continuous and unconnected system water channels. The curved
bilayer can be described by an infinite periodic minimal surface (IPMS), such as the primitive
(Im3m), the gyroid (Ia3d) and the double-diamond (Pn3m). Monoolein (GMO) and phytantriol
are among the most studied lipids that form cubic phase,'® nevertheless other lipids can be
adopted to formulate the particles.”®

The preparation of the LLCNPs is based on a top-down, bottom-up or microfluidic approach.
Lipid Liquid Crystalline (LLC) cubic bulk phase can be fragmented with e.g. homogenization
involving high-energy input often with the help of an emulsifier. The most common bottom-
up method yields the aggregates via dissolution of the lipid components in solvent and
thereafter mixing of the lipid solution with an aqueous solution of additives to obtain the
dispersion.

Colloidally stable cubosome dispersions require a stabilizing agent, such as tri-block
copolymers, to a larger extent than their lamellar counterpart, liposomes. Here, poloxamers
(poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide)), i.e. Pluronics F127 and
F108, are the most common stabilizers, where the hydrophobic PPO moiety interacts with the
lipid bilayer and the PEO units form a hydrophilic corona that prevents NPs from aggregating.
The biocompatibility and biodegradability of the components of the formulations are crucial
parameters for application of cubosomes in drug delivery and imaging.>~'* Although the
GMO-based carriers are less cytotoxic compared to those based on phytantriol,"¢ the intrinsic
cytotoxicity of the stabilizer could prevent the application of the system.!” Therefore,
stabilizing the cubic dispersion and at the same time providing a “safe” formulation can be
challenging.

Recently, a polyphosphoester (PPE) tri-block copolymer, a structural analog of Pluronic F127,
was shown to be able to stabilize GMO-based cubosomes. !¢ Biocompatibility assay on Human
umbilical vein endothelial cells (HUVEC) and blood cells showed that the PPE-stabilized NPs
were less cytotoxic at the same concentration in comparison to the cubosomes stabilized with
Pluronic F127. These new formulations were also shown to have less tendency to activate the
complement system, which our body employs to remove anything foreign from the blood
stream.

The cytotoxic effect can be reduced by mimicking natural molecular structures and thereby
improving the efficacy of the therapy. For this reason, natural polysaccharides are of great
interest as potential nanoparticle stabilizers. In addition, they can remain functional as
stabilizers over a relatively broad range of temperatures and pH. However, lack of clear and
structured amphiphilic character brings a variety of challenges to the table. Several studies have
been published where monoolein cubosomes have been stabilized by different polysaccharides
like starch and cellulose.!”!° These polysaccharides were, however, modified by introducing
hydrophobic groups in their structure. This is a promising alternative to commonly used
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Pluronic F127 that is believed to have some unwanted physiological side effects when ingested
or inhaled,® and also has shown to affect the internal structure of monoolein based cubosomes.
Here we have explored the stabilizing potential of hemicellulose that along with cellulose and
lignin is one of the main polymer constituents of plant cell walls. Hemicelluloses are
heteropolysaccharides that vary in structure and size depending on the plant type. Lignin, on
the other hand, is a highly hydrophobic group of aromatic polyphenol compounds that are
strongly associated with hemicelluloses and help to provide mechanical strength to the cell
walls.2? Hemicelluloses have been shown to have excellent emulsifying properties in several
applications.?!=2

The chemical composition of hemicellulose is dependent on the plant type and is often affected
by the extraction method. A great variety of methods have been developed in order to obtain
high purity extracts. However, one of the biggest challenges still remains the removal of lignin
since it is covalently bound to hemicellulose sugar groups via glycosidic, ester or ether bonds.?
Interestingly, when it comes to stabilizing oil in water emulsions, lignin plays an impartial role
as it is believed to interact with the hydrophobic moiety of lipids and anchor hemicellulose
chains on the interface. Hemicellulose in turn provides steric stabilization mechanism due to
chains with high molecular weight.

The most abundant hemicellulose in spruce and pine is galactoglucomannan (GGM). It
accounts for 25 — 35 % of dry wood mass.?”*® Galactoglucomannans, often acetylated, have a
linear (1—4)-linked B-D-mannopyranosyl (Manp) backbone partially substituted with (1—4)-
linked B-D-glucopyranosyl (Glcp) units and a-galactopyranosyl (Galp) side groups that are
(1—6)-linked to the backbone.?%30

In this study, we investigate the ability of two different softwood hemicellulose preparations
to stabilize monoolein cubic nanoparticles. One is the TMP (thermomechanical pulping)
hemicellulose, which has been isolated from thermomechanical pulp and contains a very low
amount of lignin, whereas the SSL (spent-sulfite-liquor) preparation originates from a sodium-
based sulphite liquor with high lignin concentration. The effect of these stabilizing agents on
the structure, morphology and colloidal stability of the lipid based cubosome was studied in
order to identify their possible application as components to prepare future drug carriers.
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Experimental section
Materials

The main component of the cubosomes, glycerol monooleate (MO, 1-monooleoylglycerol,
RYLO MG 19 PHARMA, 98.1 wt% monoglycerides) was kindly provided by Danisco A/S
(Denmark). Fresh distilled water purified using a Milli-Q® Water Purification system
(MerckMillipore, Darmstadt, Germany) was used for preparing each sample and it was
filtered with a 0.22 pum pore size hydrophilic filter prior to any use. Chloroform (99.8% purity)
and phosphate buffered saline (PBS) tablets were purchased from Sigma-Aldrich (0.01 M
phosphate buffer, 0.0027 M potassium chloride and 0.137 M sodium chloride).

The TMP hemicellulose sample was obtained from Stora Enso Kvarnsvedens bruk
(Kvarnsveden, Sweden) and was purified by filtration and anti-solvent precipitation as
described by Thuvander er al3' and Zasadowski et al3? The sample was characterized
according to the National Renewable Energy Laboratory (NREL) procedure.>* The SSL
hemicellulose sample was provided by Domsjé Fabriker (Ornskéldsvik, Sweden) which was
further ultrafiltrated and the components used in the study were precipitated with acetone.
Details of the extraction procedure and analysis can be found at Al-Rudainy et al.>* Table 1
shows a summary of the main components present in each of the samples.

Table 1. The chemical composition of the TMP and SSL hemicellulose extracts shown as weight percentage of total dry solids
(TDS).>* Acidic components were not determined for TMP extract indicated as n.d.

Wt % of TDS

TMP SSL

Ash 0 2.02

Lignin 1.26 7.3

Carbohydrates

Arabinose 0 1.11
Galactose 10.4 18.7
Glucose 8.8 14.85
Xylose 4.7 7.05
Mannose 76 30.78
Cellobiose n.d. 1.14
Lactic acid n.d. 1.68
Acetic acid n.d. 3.99
Formic acid n.d. 1.63
Levulinic acid n.d. 2.17
Furfural n.d. 1.25
Hydroxymethylfurfural n.d. 0.62
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Methods
Sample preparation

Cubosome formulations were prepared by first dissolving 10 mg of monoolein in 1 mL of
chloroform in a vial. The chloroform was then evaporated under a gentle stream of nitrogen to
yield a lipid film, which was left to dry under vacuum overnight at room temperature to remove
any trace of chloroform. 1 mL of GGM aqueous solution with a concentration of 3 mg mL"!
was then added to the vial with the monoolein film. The sample was vortexed for a few seconds
and left to equilibrate at room temperature for one hour. After that, the mixture was placed in
an ice bath and sonicated with a tip sonicator (equipped with a controller Sonics Vibra Cells,
both from Chemical Instruments AB, Sweden) for 15 min at 70% amplitude with 10 s pulses
in 10 s intervals. The samples were characterized within 48 hours after preparation.

Dynamic Light Scattering (DLS) and Electrophoretic Mobility (EM)

Dynamic light scattering experiments were performed on a Zetasizer Nano ZS (Malvern
Instruments Ltd, Worshestershire, UK) at a set angle of 173° using the non-invasive backscatter
technology. The instrument was equipped with a 4 mW He-Ne laser with a 632.8 nm
wavelength and an Avalanche photodiode detection unit. The electrophoretic mobility
measurements were performed using M3-PALS technology at 13°. The obtained correlation
functions were analyzed using the cumulants method available in the Malvern software.

The cubosome formulations were diluted 500 times with either Milli-Q water or PBS buffer,
placed in the Zetasizer measurement cell and equilibrated at 25°C for 2 minutes before starting
the measurement.

Small Angle X-ray Scattering (SAXS)

SAXS measurements were performed at the SAXSLab instrument (JJ-Xray, Denmark)
available at Lund University. The instrument was equipped with a 30 W Cu X-RAY TUBE for
GeniX 3D and a 2D 300 K Pilatus detector (Dectris). The X-ray wavelength was 1.54 A~ and
the sample-to-detector distance was 480 nm, yielding a g-range of 0.012 — 0.67 A"'. The
measurements were recorded at 25°C. The temperature was controlled using a Julabo T
Controller CF41 from Julabo Labortechnik GmbH (Germany).

The magnitude of the scattering vector is defined by ¢ = 4 = /(A-sinf), where the wavelength A
equals to 1.54 A, Cu Ko wavelength, and 0 is half of the scattering angle.

The repeat distance or d spacing was obtained using the following expression:

d=— (eq. 1)

Then, the cubic phase lattice parameter (@) is given by eq. 2:

a=d-Vvhz+k? +1? (eq.2)
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Here, &, k and [ are the Miller indexes that describe the crystalline planes into the liquid
crystalline lattice. The lattice parameter was used to estimate the water channel radius (7w) of
the bicontinuous cubic phase (eq. 3)**:

ne=(a—1)- /% (eq.3)

where  and Ao are the Euler characteristic and the surface area of the IPMS geometry (Pn3m,
x=-2, Ao =1.919), respectively, and / is the MO hydrophobic chain length at 25 °C (17 A).
The formulations in PBS buffer were prepared by diluting the aqueous stock of cubosome
dispersion 10 times with the buffer.

Cryogenic-TEM (cryo-TEM)

A 4 pL drop of the formulations at the initial concentration was placed on a lacey carbon coated
formvar grid (Ted Pella Inc, Redding, CA, USA). A thin film was then created by gently
blotting the grid with a filter paper. After that the grid was prepared for imaging using an
automatic plunge-freezer system (Leica Em GP, Leica Microsystems, Wetzlar, Germany). The
environmental chamber was operated at 25 °C and 90% relative humidity to prevent
evaporation from the sample. The specimen was vitrified by rapidly plunging the grid into
liquid ethane (-183 °C) and the samples were stored in liquid nitrogen (-196 °C) and transferred
into the microscope using a cryo transfer tomography holder (Fischione, Model 2550, E.A.
Fischione Instruments, Inc., Corporate Circle Export, PA, USA). The grids were imaged with
a Jeol JEM-2200FS transmission electron microscope (JEOL, Tokyo, Japan) equipped with a
field-emission electron source, a cryo-pole piece in the objective lens and an in-column energy
filter (omega filter). Zero-loss images were recorded with a bottom-mounted TemCam F416
digital camera (TVIPS-Tietz Video and Image Processing Systems GmbH, Gauting, Germany)
using SerialEM under low-dose conditions at an acceleration voltage of 200 kV.

Gwyddion software*® was used to apply 2D Fourier transform filter to cryo-TEM micrographs
and extract lattice parameter.

Atomic Force Microscopy (AFM)

AFM was performed with a Park XE—100 (Park Systems Corp., Suwon, Korea) in a non-
contact mode. Samples were probed in a liquid state under ambient conditions. A silicon
cantilever with a 3 N/m spring constant and 75 kHz resonance frequency was used. The image
analysis was done with the XEI software (Park Systems Corp., Suwon, Korea). A
hydrophobized silicon wafer was covered with 90 pL of SSL-NPs formulation and left to
adsorb for 4 hours before rinsing with Milli-Q water. The wafer with a drop liquid sample was
then placed in the AFM liquid cell and Milli-Q water was added, after which the imaging was
performed. The preparation was done in this way in order to avoid passing the sample surface
film through the air/water interface.
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Results and Discussion
Preparation of the NPs and their bulk characterization

Formulations stabilized by softwood hemicellulose extracted with two different methods were
prepared and characterized in a similar manner using ultrasonication. This approach has been
found effective to reduce the size of the aggregates and inducing a good size distribution. '

After preparation, both formulations appeared homogeneous and milky, however the SSL-
stabilized solution was less translucent than the TMP-stabilized sample. The DLS and
C-potential results, reported in Table 2, indicate that the formulations contain negatively
charged, electrostatically stable particles of relatively low polydispersity.

Table 2. Apparent average hydrodynamic diameter (dn), polydispersity index (PdI), derived count rate, as well as phase, lattice
parameter (a) and water channel radius (rw) determined from the SAXS curves for the TMP and SSL formulations.
Additionally, C-potential and pH of pure TMP and SSL extract, as well as of TMP-NPs and SSL-NPs determined at 25 °C.

Parameters TMP-NPs SSL-NPs TMP SSL
dut SD [nm] 1511 152.2£0.9 - -
PdI+ SD 0.21£0.02 0.19£0.01 - -

Derived count

rate+ SD 940+ 3 2032 +20 - -
Phase Pn3m Pn3m - -
a+ SD [A] 99.6 +0.8 98.7+0.4 - -
rw = SD [A] 21.9+0.3 21.6+0.1 - -
{-potential [mV] -37.7£0.8 -49.5£0.6 -10+1 -14.8+0.2
pH 6.39 6.52 6.44 6.58

The C-potential of the TMP- and SSL- stabilized cubosomes was -37.7 and -49.5 mV,
respectively. Negative charge of the nanoparticles could partially be explained by a negative
C-potential of their respective hemicellulose extracts (-10 and -14.8 mV for TMP and SSL,
respectively). We note that the charge is highly dependent on the extraction method and the
purity of the sample. Galactoglucomannans are neutral polysaccharides, the charge is believed
to be caused by the presence of acidic groups.?> The amount of acidic groups present in the
TMP sample was not determined, however, the SSL extract contains at least 10% as shown in
Table 1. Interestingly, the apparent negative charge is a common feature of the GMO-based
dispersions: this phenomenon is not fully understood, but it has been reported for other lipid
formulations stabilized with non-ionic block-copolymers.'®37 A possible reason could be
related to an adsorption of hydroxide ions at the lipid-water interface, resulting in a polarized
outer layer surrounding the NPs and an apparent negative surface potential.’®

Dispersions formulated with both GGMs exhibited the same size, around 150 nm in diameter,
with relatively low polydispersity. Similar size and polydispersity have been previously
reported in literature for cubosomes stabilized with different kinds of polymers.'’!¢ The
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intensity of the scattering from the dispersion of the SSL-stabilized NPs is more than twice as
high (2032 = 20) as from the TMP-NPs formulation (940 + 3), indicating a larger number of
particles present in the solution. This finding correlates with the less translucent appearance of
the former sample.

It has previously been shown that the presence of lignin in GGM strongly increases their
capability in stabilizing oil in water emulsions.?!?>23 Lignin consists of phenolic compounds
that are usually associated or even covalently bound to hemicellulose sugar units via glycosidic,
ester or ether bonds.?* Due to their hydrophobic nature, phenolic residues interact with the
hydrophobic part of the lipids and thus anchor bound hemicellulose chains that in turn provide
steric stabilization of the oil/water interface. Consequently, a larger amount of nanoparticles in
the sample could be stabilized by the SSL hemicellulose preparation, given its higher content
of lignin. In addition, the SSL-NPs have a more negative C-potential than the corresponding
TMP-NPs. This could contribute to the electrostatic stabilization of the nanoparticles, although
it has been suggested that emulsion stabilization with hemicellulose is mainly due to steric
repulsion.>

SAXS was used to reveal internal NP structure. Figure 1 shows SAXS data TMP- and SSL-
stabilized nanoparticles. Lyotropic GMO-based aqueous dispersions show a rich
polymorphism depending on the water content.*’ In excess of water, monoolein is expected to
form a Pn3m cubic phase. The presence of a stabilizer can affect monoolein self-assembly as
reported by e.g. Nakano et al.*! in cubosome dispersions stabilized by Pluronic F127. The
interaction between the PPO lipophilic moiety of the stabilizer locally affects the organization
of the lipid bilayer, giving two types bicontinuous cubic phases, Im3m and Pn3m, depending
on the amount of added stabilizer. In the case of GGM-stabilized formulations, both of the
SAXS curves have similar patterns with at least two clearly visible Bragg peaks, which
corresponds to a Pn3m. This is highlighting that the GGM is covering the surface of the NPs
without affecting the internal structure in water. This is in contrast to formulations stabilized
with Pluronics. This finding represents a crucial point for a possible application of these
aggregates as drug delivery systems. The diffusion coefficient of small hydrophilic molecules
in Pn3m phase has been observed to be larger than in Im3m phase, which has been attributed
to the higher porosity of the former.*?
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Figure 1. SAXS curves of the TMP (dark blue) and SSL (brown) nanoparticles. The scattering profile of the TMP was shifted
upwards by a factor of 0.01 for clarity. The Miller indices for the Pn3m type of cubic phase are indicated for the corresponding
Bragg peaks. The corresponding lattice parameters (a) and water channel radius (rw) of TMP-NPs and SSL-NPs are shown in
Table 1.

Lattice parameter and water channel radius could be determined from the position of the Bragg
peaks in scattering curves. As reported in Table 2, formulations contain particles with a lattice
parameter characteristic to Pn3m phase cubosomes equal to 99.6 A and 94.7 A for TMP- and
SSL-NPs, respectively.

These values of lattice parameters are in line with the ones already reported for Pluronic-
stabilized cubosomes, with no significant difference between the two types of hemicellulose
stabilizers. 14344

In order to assess the morphology of the aggregates, the samples were imaged with cryo-TEM
and the results of the two different formulations are shown in Figure 2. In all of the
micrographs, aggregates with a defined internal structure can be observed. In order to confirm
internal structure of the nanoparticles, 2D Fourier transform filter was applied to the cryo-TEM
images and lattice parameter was extracted. The Fourier transform filtered images of the
cubosome internal structure are shown as insets in Figure 2. Obtained lattice parameters are 89
A for TMP-NPs and 110 A for SSL-NPs which agrees well with values extracted based on
SAXS patterns.

The TMP-NPs sample contains 200 — 250 nm large cubosomes, in addition to fractal-like
aggregates (Figure 2). Different types of softwood hemicellulose have previously been shown
to assemble into similar structures and therefore the aggregates observed in Figure 2 can be
attributed to the excess hemicellulose that is not incorporated in the cubic nanoparticles.**6
Additionally, the TMP-stabilized sample contains a small amount of vesicles that are
approximately 150 nm large (Figure 2B).
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Figure 2. Cryo-TEM images of TMP-NPs (A and B) and SSL-NPs (C and D) at 10mg mL"' concentration incubated at 25 °C
prior to blotting. The insets represent micrographs after applying 2D Fourier transform filter.

Figure 2 (C, D) shows the cryo-TEM images of SSL-stabilized sample. This sample looks more
homogenous without the presence of hemicellulose fractal structures. This indicates that most
of the hemicellulose is associated with monoolein in the cubosomes. The cubosomes range in
diameter from 50 — 200 nm that agrees well with the DLS results. Similar to the TMP-NPs, a
low amount of vesicles is present in this sample as well (Figure 2D).

Since at this concentration, monoolein gives a Pn3m cubic phase with excess water, the
presence of vesicles in the sample confirms that hemicellulose interacts with the monoolein
lipid bilayer. This result is not surprising, since other studies have highlighted the effect that
stabilizers can have on the morphology of cubosomes.!¢374748 Here we note that in our study
we observed a small or negligible fraction of vesicles.

145



Imaging of the nanoparticles on hydrophobic surface liquid AFM
In addition to cryo-TEM, SSL-NPs were imaged with AFM on a hydrophobized silica surface

in liquid mode in order to emulate their interaction with interfaces, which is relevant for
delivery applications.*® As it can be seen in Figure 3, the nanoparticles are generally 30 - 60
nm in height and 250 — 600 nm in diameter. The fact that the diameter is much larger than we
have observed both with DLS and cryo-TEM, indicates that the cubosomes partly spread on
the surface and adopt a flatter conformation.

nm
40—

304

Figure 3. AFM images of SSL-NPs on hydrophobic silica in liquid obtained in tapping mode.

Stability of the nanoparticles in water

The shelf-life presents a critical feature of a formulation, therefore understanding the colloidal
stability over time is fundamental in applying these aggregates as drug carriers. The cubosomes
dispersion colloidal stability over time has been investigated by DLS and the results are
summarized in Figure 4. Both formulations are stable in terms of apparent hydrodynamic
diameter and polydispersity index for at least 42 days at room temperature. These results show
that both TMP and SSL extracts are stabilizing the lipid-water interface is such a way that they
provide colloidal stability of the dispersion and preventing the system from flocculating.
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Figure 4 Hydrodynamic diameter (circles) and polydispersity (triangles) over time of TMP-NPs (dark blue) and SSL-NPs
(brown).

Effect of physiological environment

The application of cubosomes for drug delivery and other biomedical applications make their
colloidal and structural stability in a physiological environment a crucial requirement. Indeed,
pH and salt concentration can affect lipid self-assembly in terms of size, charge and structure.*®
Taking these factors into account, 10 mM phosphate saline buffer (PBS) pH 7.4 has been used
to mimic the physiological environment.

First, an aliquot of the formulations was diluted 500 times in PBS in order to follow the changes
in the size and polydispersity of the nanoparticles under these conditions. The size of the
nanoparticles of both formulations increases significantly (to 250 nm) at the start of the
incubation but remains stable in case of SSL-NPs (Figure 5B). However, the size of the
TMP-NPs continues to increase for the next two hours until it reaches 400 nm. The
polydispersity is relatively stable in SSL-stabilized sample over the whole investigated time
span, while it increases from 0.15 to 0.25 during the first 3 hours in the TMP-stabilized
formulation. These changes might indicate aggregation of particles due to screening effect
caused by increasing the ionic strength with the added buffer.
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Figure 5. SAXS curves of TMP-NPs (blue) and SSL-NPs (brown) seen in A and change in hydrodynamic diameter (circles)
and polydispersity (triangles) seen in B in PBS buffer. The scattering curve of the TMP-NPs was shifted upwards by a factor
of 0.01 for clarity.

Indeed, the electrophoretic mobility measurements showed that the negative potential has
decreased significantly explaining the reduction of the cubosome colloidal stability, which in
particular for TMP-NPs causes aggregation (see Table 3).

Table 3. C-potential of TMP-NPs, SSL-NPs, as well as TMP and SSL extracts in PBS buffer determined at 25 °C.

Sample C-potential £ SD [mV]
TMP-NPs -09+04
SSL-NPs -74+09
TMP -1+2
SSL -6+2

The effect of PBS on the internal structure of the two GGMs stabilized cubosomes was
evaluated through SAXS measurements. It has previously been reported that the change in
ionic strength can trigger shift from one phase to another.>'*?

Figure 5A shows the scattering curves of the TMP- and SSL-stabilized samples after dilution
in PBS buffer 0.1 times.

The TMP-stabilized nanoparticles precipitated as soon as the buffer was added. The
precipitation was observed with the SSL-stabilized sample as well, however to a lower extent
and the sample still appeared milky after dilution. Indeed, the SAXS patterns confirm that the
SSL-NPs retain Pn3m phase with no significant change in terms of lattice parameter and water
channel radius after addition of the PBS buffer. The lattice parameter and water channel radius
of the SSL-NPs in PBS buffer was 93.1 + 0.4 A and 19.4 + 0.1 A, respectively. On the other
hand, the Bragg peaks completely disappear in case of the TMP-NPs indicating that it appears
as the internal structure is at least partly lost. Partly this can be explained by the precipitation
of the particles and hence a significantly lower number of particles. Similar tendency was
observed with DLS: due to a much lower concentration, the aggregation of the TMP-NPs could
not be monitored beyond a size of 400 nm.

The fact that the SSL-NPs formulation is more stable at an elevated ionic strength might be
due to the higher C-potential as shown in Table 2. Moreover, a larger amount of monoolein is
dispersed in the SSL-NPs sample than in the TMP-NPs one.

Conclusions

Softwood hemicellulose is an underutilized and abundant resource that can be used for a variety
of applications thanks to its unique properties.?36-33-33 Its application as a stabilizer has already
been proven in previous studies for oil-in-water emulsions. Indeed, other hemicelluloses such
as xylan have found application in several field, given their promising biological features.>

The ability of two softwood hemicellulose extracts, with different amount of lignin, to stabilize
monoolein-based cubosomes was demonstrated in this study, where the higher lignin content
in the SSL-extract facilitated stabilization of a larger fraction of the dispersed lipid phase. The
presence of the hemicellulose extracts did not affect the self-assembly structure of monoolein
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in aqueous dispersions, giving a Pn3m bicontinuous cubic structure. Moreover, both
formulations were stable over the period of at least 42 days with no significant changes in size
or polydispersity. The results show that the physiological environment did not affect the
structure for the SSL-stabilized cubosomes.

Indeed, the SSL-hemicellulose provided a better colloidal stability in comparison with the
TMP-extract. This study shows that hemicellulose can be used as natural substitute to Pluronics
to stabilize lipid liquid crystalline nanoparticles. Further studies are needed to reveal the
biological effect of these aggregates, hence in vitro investigations will be performed as a future
perspective.
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Abstract

We here present a series of thermoresponsive glycopolymers in the form of poly(N-isopropyl
acrylamide)-co-(2-[-manno[oligo]syloxy] ethyl methacrylate)s. These copolymers were prepared
from P-mannosyl acrylates that were synthesized through enzymatic catalysis, and were
subsequently investigated with respect to their aggregation and phase behavior in aqueous solution
using a combination of '"H NMR spectroscopy, dynamic light scattering, cryogenic transmission
electron microscopy and small angle X-ray scattering. The thermoresponsive glycopolymers were
prepared by copolymerizations of different mixtures of 2-(f-manno[oligo]syloxy)ethyl
methacrylates (with either one or two saccharide units) and N-isopropyl acrylamide (NIPAm) to
tune the thermoresponsiveness. The results showed that at temperatures below the low critical
solution temperature (LCST) of poly(NIPAm), the glycopolymers readily aggregate into nanoscale
structures due to attractive interaction between sugar moieties. Above the LCST of poly(NIPAm),
the glycopolymers rearrange into fractal and disc/globular aggregates. Cryo-TEM and SAXS data
demonstrated that the presence of the f-mannosyl pendant moieties in the glycopolymers induces
a gradual conformational change over a wide temperature range which offers improved control of
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temperature-dependent properties in comparison to poly(NIPAm) with a sharp coil-to-globule
transition. In addition, the thermoresponsiveness can be conveniently tuned by varying the sugar
unit-length and content of the -mannosyl acrylates.

1. Introduction

Glycopolymers are synthetic biobased polymers that have sugar groups as pendant moieties.
They have attracted great attention because of their function as biomimetic analogues of
glycolipids and glycoproteins.'”> Glycopolymers have affinity for specific proteins that are
responsible for interactions at the cellular level which are the basis of important biological
phenomena®*. As such, glycopolymers can be used as biomaterials in drug delivery, tissue
engineering, biosensors and medicine.® Responsive polymers, are polymers that undergo
conformational changes when exposed to an external stimuli (temperature, pH, light, etc.). This
type of polymers are valuable in applications where such changes are advantageous under certain
conditions®, for example in food, cosmetics’, paints, oil recovery®, as well as in biomedical
applications for injectable hydrogels and controlled drug release.®!? In particular, temperature
responsive polymers undergo a lower critical solution temperature (LCST) transition, resulting in
a conformational coil-to-globule transformation upon exceeding a certain temperature.'' At this
temperature the polymer chain contracts as water becomes a poor solvent for the polymer.'> Hence
the polymer changes its character from hydrophilic to more hydrophobic, and is therefore prone
to aggregation. One of the most widely studied thermoresponsive polymers is poly(N-
isopropylacrylamide) [poly(NIPAm)] due to its temperature dependent phase transition in aqueous
solution at ~32 °C, close to body temperature. The LCST behavior of poly(NIPAm) is frequently
modulated by copolymerization with other hydrophilic or hydrophobic monomers such as 2-
hydroxy ethyl methacrylate (HEMA).!3

Glycopolymers that can undergo conformational changes under certain conditions, such as
changes in temperature are of great interest. Sugar moieties have previously been incorporated into
thermal responsive glycopolymers.!41®  For example, thermoresponsive double hydrophilic
diblock (TDHD) glycopolymers from poly(NIPAm) and an o-linked mannose-containing
acrylate'> and galactose-functionalized have been reported.'> Recently, a set of temperature-
switchable glycopolymers from NIPAm and a-mannose ligands were chemically synthesized.!”
These remarkable glycopolymers are mostly based on glycomonomers that contain mono-
substituted pendant sugar units and have commonly been synthesized through multi-step
pathways.

We have previously shown that f-mannanases, a type of glycoside hydrolases, can catalyze the
synthesis of 2-(f-manno[oligo]syloxy) ethyl methacrylates (MnEMAS) (i.e., mannosyl-EMA
[MIEMA] and mannobiosyl-EMA [M2EMA]) that were subsequently used to synthesize
glycopolymers.'® The enzyme catalyzed synthesis of glycomonomers presents several advantages
compared to traditional chemical synthesis, including the avoidance of cumbersome protection-
deprotection steps and of toxic chemicals, as well as the possibility to use low temperature.'®
Although other glycopolymers containing enzymatically synthesized monomers (glycomonomers)
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have been previously prepared>*!°, our glycomonomers (MaEMAs) feature an equatorial (B)
linkage at the anomeric position with the acceptor and between mannose residues, making these
monomers quite unique. This linkage occurs widely within plants, hemicelluloses and storage
glycans but has been shown to be very difficult to synthesize chemically.?

In the present work the transglycosylation capacity of the f-mannanase TrMan5A4 was utilized
for glycomonomer synthesis using locust bean galactomannan as donor glycan, providing a
cocktail of functionalized acrylate monomers bearing one to three B-mannose units in a one pot
reaction in water at 37 °C.'"® Subsequently we were able to separate and purify the different
M:iEMAs for polymer synthesis at microscale. We then used these monomers to synthesize
thermoresponsive glycopolymers with NIPAm in conventional radical polymerizations in water at
ambient temperature. In order to influence the solubility properties and the transition temperature
of the copolymers in aqueous solution, we varied the molar fraction and the sequence of the sugar
units. As mentioned above, MnEMASs are glycomonomers with a hydrophilic biodegradable
mannosylated part and a polymerizable acrylate part. By incorporating the glycomonomers in
copolymers with NIPAm, we expected to modulate the LCST thanks to the mannosyl moieties,
concurrently increasing the biodegradability and biocompatibility. We then studied the
thermoresponsive behavior of the glycopolymers using dynamic light scattering (DLS), combined
with 'H nuclear magnetic resonance (NMR) spectroscopy, small angle X-ray scattering (SAXS)
and cryogenic transmission electron microscopy (cryo-TEM).

2. Experimental section

2.1 Materials

Sodium acetate (molecular biology grade), acetic acid, diethyl ether (anhydrous, > 99.7%, with
Ippm BHT as inhibitor), hydroquinone (HQ, > 99%), acetonitrile (ACN, > 99.9%, HPLC gradient
grade), 2,5—dihydro benzoic acid (DHB), N-isopropylacrylamide (NIPAm), deuterated water
(D20), 2,2’-azobis(isobutyronitrile) (AIBN), potassium persulfate (KPS) and N,N,N',N'-
tetramethylethylenediamine (TEMED), HPLC grade ethanol, 2,2’-azobis(isobutyronitrile)
(AIBN), diethyl ether, 2-hydroxyethyl methacrylate (HEMA) 97% containing 200 ppm
hydroquinone (HQ) were all obtained from Sigma-Aldrich (St. Louis, MO, USA).

Low viscosity locust bean gum (LBG, >94% (dry weight basis)) was supplied by Megazyme
(Bray, Ireland) (LOT 150901a) (galactose:mannose ratio, 24:76).

All chemicals were used as received except for HEMA, which was passed through an alumina
column prior to polymerization to remove the inhibitor.'8

TrManSA

GHS B-mannanase ManSA from Trichoderma reesei (TtMan5A) was prepared as previously
described.?! An amount of 20 mg of freeze-dried enzyme was dissolved in 50mM Sodium acetate
buffer (SOmM), pH 5.3. The solution was concentrated thrice, from 10 ml to 0.2 ml, in Sartorius
VivaSpin 20 columns with a 10 kDa cut-off (Sartorius, Géttingen, Germany), refilling the column
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with fresh buffer between each concentration step. The concentration was performed at 4 °C, 5000
rpm, 30 min, in VivaSpin 20 centrifugal concentrators (10000 MWCO PES membrane).

2.2 Methods
Synthesis of 2-(B-manno|oligos]yloxy) ethyl methacrylates) [MnEMAs]

Enzymatic synthesis of the target glycomonomers, MaEMAs, denoted with n=1 and 2
respectively, was done using the method developed in our previous work, except the volume of
the reaction was 500 ml instead of 50 ml.!8 In short, the reaction was carried out in 500 ml 30 mM
sodium-acetate buffer, pH 5.3. The donor substrate was galactomannan in the form of low viscosity
locust bean gum (LBG) (3 w.v%) and the acceptor substrate, HEMA (20 vol%). The reaction was
catalyzed by 0.2 uM of the f-mannanase TrMan5A at 37 °C, for 48 h, in a stirred, covered glass
beaker, with intermittent sampling to enable reaction progression analysis. The glycomonomers
were purified, screened, quantified and characterized using methods described previously.'® 'H
and 3C shift assignment has been extensively described previously. '

Synthesis of  poly(N-isopropyl acrylamide)-co-(2-[-manno[oligo]syloxy] ethyl
methacrylate)s [poly(NIPAm-co-MaEMA)s]|

A total of eight different polymers were prepared in solution via conventional radical
polymerization as previously described'?, three glycopolymers (P1M1-P3M1) based on MiEMA
and two (P1M2 and P2M?2) with M2EMA.. Additionally, two reference samples were prepared, i.e.
a homopolymer of NIPAm (PR1) and a copolymer of NIPAm and HEMA (PR2). Details of the
experimental design of the polymerizations are found as supporting information (SI) part A and
Table S1.

The copolymers of NIPAm and MiEMAs (PIM1-P2M1 and PIM2-P3M2) and the
homopolymer of NIPAm (PR1) were synthesized in DO with KPS as initiator and TEMED as
accelerator. The reactions were performed at room temperature in an NMR spectroscopy tube as
previously reported.!® Sample PR2 was prepared in ethanol with AIBN as initiator at 60 °C similar
to literature.?? Scheme 1 summarizes the synthesis of the glycomonomers and their subsequent co-
polymerization with NIPAm.
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Scheme 1. Synthesis of poly(NIPAm-co-M,;EMA)s: (A) Enzymatic synthesis of B-mannosyl acrylates
(MLEMA?). (B) Radical co-polymerization of NIPAm and M,EMAs in D,O. M|EMA: R=H and Mo;EMA
R=pB-4,1-mannose.

Two samples (P2M1 and P2M2) were nominally prepared with the same mass ratio of monomers
(NIPAm:MaEMA) in order to compare the effect of the length of the sugar moieties given the same
weight content in the synthesized copolymer. Samples PIM1 and P2M1, on the one hand, and
samples P1IM2-P3M2, on the other hand, were prepared with the same glycomonomer (MiEMA
or MoEMA, respectively) in different molar concentrations in order to investigate the effect of the
comonomer ratio on the thermoresponsive behavior.

Poly(N-isopropylacrylamide-co-2-[3-mannosyloxy] ethyl methacrylate) [P1M1-P2M1]

"H NMR (D20, 500 MHz) chemical shift scale from residual HDO (8 4.77) & in ppm: 4.72* (s,
Hlm, C H), 4.54-3.53 (m, br, Hb, C H 2; Ha, C H 2; H2m, C H; H5, N-C H (CHz3)2; [H6m, H3m,
H4m], C H), 3.32-3.42 (m, br, H5m), 1.29-2.35 (m, br, H1, C H 2 in main chain; He, C H 2; H2,
C H in main chain), 0.8 —1.29 (m, br, Hf, C H3; H6+H7, N-CH (C H 3)2).

*Assigned in spectra at 45 °C, HDO (5 4.60).

13C NMR (D20, 125 MHz) 3C in ppm, chemical shift scale from the unified scale according to
IUPAC?: 175.2 (C3), 99.9 (Clm), 76.3 (C5m), 73.0 (C3m), 70.5 (C2m), 66.7 (C4m), 64.4 (Cb),
61.0 (Cém), 41.7(C2), 34.7(C1), 21.22 (C6+C7)

Poly(N-isopropylacrylamide-co-2-[f-manno(bio)syloxy] ethyl methacrylate) [P1M2-
P3M2]

'"H NMR (D20) chemical shift scale from residual HDO (8§ 4.77) & in ppm: 0.96-1.29 (m,
H6+H7, N-C H (CH3)2), 1.29-1.90 (m, H1, C H 2 in main chain), 1.90-2.29 (m,H2, C H in main
chain), 3.79—4.12 (m, H5, N-C H (CH3)2), 0.8 —1.2 (m, Hf, C H3), 1.5 - 2.5 (m, He, C H 2), 4.74*
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(s, Hlm, C H), 4.72* (s, HIm’, C H), 4.44- 4.01 (m, C H 2 +C H, Hb+H2m’+H2m), 4.01-3.61 (m,
C H:+ C H, Ha + H6m +H6m+H4m+H4m+H3m"), 3.61-3.53 (m, C H, H4m), 3.42 (m, C H,
H5m+H5m’).

*Assigned in spectra at 45 °C, HDO (8 4.60)

13C NMR (D20, 125 MHz) 8C in ppm, chemical shift scale from the unified scale according to
IUPACZ: 1752 (C3), 100.1 (C1m’), 99.9 (Clm), 76.6 (C4), 76.3 (C5m’), 74.8 (C5m), 72.8
(C3m’), 71.5 (C3m), 70.4 (C2m’), 69.8 (C2m), 66.6 (C4m’), 64.3 (Cb), 60.9 (C6m), 60.5 (C6m"),
417 (C2), 34.7 (C1), 21.5 (C6+CT)

Poly(N-isopropylacrylamide ) [PR1]

"H NMR (D20) & in ppm: 4.01-3.79 (s,br N-C H (CH3)2), 2.29-1.84 (m,br, C H in main chain),
1.84-1.30 (m, br, C H 2 in main chain), 1.30-0.92 (m, br, N-CH (C H 3)2).

13C NMR (D20, 125 MHz) 8C in ppm, chemical shift scale from the unified scale according to
IUPAC?: 175.4 (C3), 42.0 (C2), 34.7 (C1), 21.80 (C6, C7).

Nuclear Magnetic Resonance (NMR) spectroscopy

'H and "3C spectra of the glycomonomers before polymerization and of the glycopolymer
solutions of poly(NIPAm-co-MiaEMA)s were recorded on a Bruker Avance III spectrometer
(Bruker, Billerica, MA, USA) at 500.17 MHz for 'H and at 125.77 MHz for '3C. Quantification of
monomers was performed as previously.'® A second method for quantification was used to confirm
the results from the first. This second method was done using the ERETIC2 quantification tool
available in the NMR processing software Topspin (Bruker Biospin, 2018) as previously
described.?* The method can be used with an external standard. In our studies we used a stock of
purified HEMA as external standard. Five solutions with concentrations of: 5, 11, 21, 32 and 54
mg/L were prepared from this stock. Full description of NMR data acquisition can be found in SI
part B.

Study of the LCST transitions of poly(NIPAm-co-MnEMA)s by NMR spectroscopy

"H NMR spectra were recorded as described in SI-B at a range of temperatures, first heating
from 25 °C to 50-65 °C and then cooling from 50-65 °C to 25 °C. In general, all spectra of a single
sample were taken sequentially in the same run. For each sample the samples were gradually
heated to the selected temperature and equilibrated during 6 min if the change in temperature was
smaller than 3 °C and 10-15 min if the change was above 3 °C.

To study the LCST transitions from the acquired spectra, the intensities of selected chemical
shifts at different temperatures were scaled to the intensity at 25 °C and plotted against
temperature. A S-parameter sigmoidal model was then fitted to the data from where two parameters
were derived, the onset of the LCST, Tonser, defined as the temperature at which the thermal
transition starts (i.e. temperature at the maximum slope) and a parameter that we have named
LCSTnur, which was obtained by resolving the sigmoidal equation (Equation S1) for when the
intensity was half of the initial intensity at 25 °C (I=0.5). This definition of LCST has been used
for similar thermoresponsive polymers. !¢ Details of the model fitting can be found in SI part C.
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Polymerization kinetics

"H NMR spectra were recorded during the polymerization of samples P2M1 and P3M2 to gain
insights into the reaction kinetics. To this effect, '"H spectra were acquired at different time
intervals. This was possible because the polymerizations were conducted at room temperature and
inside an NMR tube. Hence, the possible effect of interference due to sample convection at
temperatures higher than room temperature were negligible. The reaction was followed for the first
9 h after initiation.

Dynamic light scattering (DLS)

The size of the particles as a function of temperature was followed with a Zetasizer Nano ZS
(Malvern Instruments Ltd, Worshestershire, UK) at a set angle of 173° using the non-invasive
backscatter technology. The instrument was equipped with a 4 mW He-Ne laser with a 632.8 nm
wavelength and an Avalanche photodiode detection (APD) unit. The obtained correlation
functions were analyzed using the cumulants method available in the Malvern software. The
samples were diluted 10 times with D20 (~1 mg/mL) and filtered through 0.45 pum pore size
hydrophilic filter to remove dust and larger particles. The correlation functions were recorded at
temperatures from 25 °C — 70 °C in 2 °C steps. The samples were equilibrated for 3 min at every
temperature prior to the measurement.

In addition, dynamic and static light scattering (DLS and SLS) measurements were performed
with sample P2M2 on an ALV/DLS/SLS-5022F, CGH-8F-based compact goniometer system
(ALV-GmbH, Langen, Germany) with a 22 mW He-Ne-laser (632.8 nm) light source. The
instrument was equipped with an automatic attenuator, controlled via software. A cuvette with the
sample was placed in a cell housing filled with a refractive index matched liquid (cis-
decahydronaphtalene). DLS measurements were performed at temperatures 25 — 45 °C with 2 °C
step at 90° angle while SLS was measured at 25 and 45 °C and at the detector angles of 30° - 140°.
From these measurements we derived hydrodynamic radius (Rx) and a radius of gyration (Ry) at
25 and 45 °C and calculated a shape parameter p= Rg/Rp. The treatment of the data from DLS and
SLS is described in details in SI part D.

Small Angle X-ray Scattering (SAXS)

SAXS measurements were performed using the Ganesha SAXS Lab instrument (SAXS Lab,
Denmark). The instrument was equipped with a GeniX 3D 30 W Cu x-ray tube (Xenocs) and a 2D
300 K Pilatus detector (Dectris). The measurements were acquired with a pin-hole collimated
beam with the detector positioned asymmetrically to yield g-range of 0.012 — 0.67 A-'and 0.003
—0.21 A"'. The sample-to-detector distance was 480 mm and 1540 mm, respectively.

The magnitude of the scattering vector is defined by g = (4 & sing)/A, where the wavelength A4
equals to 1.54 A (Cu Ka wavelength) and @is half of the scattering angle. The temperature in the
analysis chamber was controlled using a Julabo T Controller CF41 from Julabo Labortechnik
GmbH (Germany). Samples were measured at the initial concentration (~10 mg/mL) and two
temperatures, at 25 and 50 °C, with the equilibration time of 30 min before each measurement.
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The obtained scattering curves were corrected for background scattering and data from different
detector distances were combined to cover the desired g-range. The reduced data was evaluated
with SasView?’ and fitted to the Unified Exponential/Power-law model developed by Beaucage
that describes fractal-like behavior of polymers in solution and polymer micelle model.?-2® The
scattering intensity of fractal objects can be described with the fractal model, 1(q)~q~% where
the exponent d can be obtained by fitting this model to the scattering curve.?® In order to fit
such data, a corrected Beaucage model is often applied.?®2® This model describes fractal
polymer chains that consist of flexible cylinders and gives two radii of gyration (Rg).?® The
largest R, is determined from the low-q or Guiner regime and represents the overall size of
the particle whereas the second radius of gyration is obtained from the g region where the
curve shows transition in the slope and describes the size of a subunit of the polymer chain
(Rsup). The latter radius can be converted into persistence length (Z,) which is an indication

of the chain stiffness and can be calculated as:>*3°

L, = (J12R3)/2 Equation 1.
Cryogenic Transmission Electron Microscopy (cryo-TEM)

The polymerization solutions had high viscosity and were therefore diluted 10-fold before
imaging with cryo-TEM (~1 mg/mL). For sample imaging, a 4 uL drop of the sample was placed
on a lacey carbon coated formvar grid (Ted Pella Inc, Redding, CA, USA) and gently blotted with
a filter paper to create a thin film. The grid was then prepared for imaging using an automatic
plunge-freezer system (Leica Em GP, Leica Microsystems, Wetzlar, Germany) with the
environmental chamber operated at 25 and 50 °C. The specimen was then vitrified by rapid
plunging of the grid into liquid ethane (-183 °C). Thereafter, samples were stored in liquid nitrogen
(-196 °C) and transferred into the microscope using a cryo transfer tomography holder (Fischione,
Model 2550, E.A. Fischione Instruments, Inc., Corporate Circle Export, PA, USA). The grids were
examined with a Jeol JEM-2200FS transmission electron microscope (JEOL, Tokyo, Japan)
equipped with a field-emission electron source, a cryo-pole piece in the objective lens and an in-
column energy filter (omega filter). Zero-loss images were recorded under low-dose conditions at
an acceleration voltage of 200 kV on a bottom-mounted TemCam-F416 camera (TVIPS-Tietz
Video and Image Processing Systems GmbH, Gauting, Germany) using SerialEM.

Size exclusion chromatography (SEC)

The polymers were analyzed by size exclusion chromatography (SEC). A sample volume of 20
pl (1 mg/ml) was injected on a TSKgel® G4000PWxL column (TOSOH Bioscience GmbH,
Griescheim, Germany) connected to a chromatography system (Waters 600E System Controller,
Waters, Milford, MA, USA), using RI (Waters 2414 Differential Refractometer) and UV detection
(Waters 486 Tunable Absorbance Detector) at 234 nm. De-ionized water was used as eluent at a
flow rate of 0.5 ml/min. The column was calibrated with dextran standards of 50, 150, 270 and
410 kDa (Fluka Chemie AG, Buchs, Swizerland).
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3. Results and discussion

3.1 Synthesis of thermoresponsive glycopolymers [poly(NIPAm-co-Ma:EMA)s]

The enzymatically synthesized MnEMAs were used in conventional radical polymerizations
with NIPAm to yield copolymers with the expected structure shown in Figure 1, as confirmed by
'"H and '3C NMR spectra. A representative example is given in Figures S1 and S2 in the
supplementary information for sample P3M2. We have previously fully resolved the 'H NMR
spectra of homopolymers based on MiIEMA and M>2EMA'® and the spectrum of poly(NIPAm) is
well known. 3132

Figure 1. The expected molecular structure of the glycopolymers poly(NIPAm-co-MnEMA)s, indicating
the structure of a B-mannosyl unit. M{EMA: R=H and MoEMA: R=B-4,1-mannose.

The polymerizations were monitored by measuring monomer conversions over time using NMR
data. For all the poly(NIPAm-co-MaEMA)s, the NMR data acquired during the reaction showed
that the conversions given in Table 1 were reached after 2 — 3 h of reaction and there was no further
increase after this time. Table 1 summarizes the synthesis results and all calculations were based
on data extracted from NMR spectroscopy measurements
Table 1. Calculated yields, polymer compositions and thermoresponsive behavior of the
glycopolymers [poly(NIPAm-co-MnEMA)s].2
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The polymerizations showed conversions of NIPAm above 92 mol%, as determined from the 'H
NMR spectra. The conversion of the glycomonomer was estimated to ~100 mol%. Already in our
previous work we demonstrated that these glycomonomers were readily polymerizable and able
to reach full conversions in radical polymerizations.'® Furthermore, the '3C spectra showed no
signal at 127.01 ppm that would correspond to the acrylate double bond in M2EMA (Scheme 1,
C-e).'® Only peaks unequivocally assigned to unconverted NIPAm monomer at 130.14 and 126.72
ppm were found in that region. In addition, the signal at 17.4 ppm that originated from the —CH3
of MnEMA disappeared upon polymerization which we have previously reported (see SI figure
S2).!8 Sample PIM2 had a lower molar monomer concentration compared to the rest of the
samples. Nevertheless, relatively high conversions were also achieved in this polymerization, even
without the addition of the accelerator as described in Table S1. Sample PR2 reached a conversion
of 75 mol% for NIPAm. It has previously been shown that HEMA polymerizes faster than NIPAm
in similar systems.3* Size exclusion chromatography (SEC) showed very weak broad signals and
all the samples eluted at the exclusion volume (Figure S6). This indicated the presence of
aggregates in solution. We have previously described the same outcome for homopolymers
synthesized from the same glycomonomers.!® Furyk and coworkers have demonstrated that the
polydispersity and M, had little effect on LCST of finely mass fractionated samples of
poly(NIPAm) as long as the polymer M, was above 50 KDa and only slight deviations were noted
with lower molecular weight samples.>*

3.2 Thermoresponsive transitions of poly(NIPAm-co-MaEMA)s by NMR spectroscopy

It is known that "H NMR spectroscopy of thermoresponsive polymers in D20 solutions provides
insights into the thermoresponsive behavior on the molecular level®3>3¢ In general, sharper signals
are expected below the LCST and broader, or missing, signals after or close to the LCST because
liquid state NMR spectroscopy is only expected to show signals related to sufficiently
soluble/mobile polymers.?” It has to be pointed out that we measured the LCST transitions in D20.
Thus, the values may be different from those measured in H20. Previous studies have shown that
the LCST of poly(NIPAm) in D20 is higher than in H20 by approximately 1 K.38

Figure 2A shows the initial screening of the acquired "H NMR spectra at 25, 35 and 50 °C for
PR1 [poly(NIPAm)] as well as for the glycopolymer P2M2.
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Figure 2. 'H NMR (D,0, 500 MHz) spectra taken at 25, 35 and 50 °C for (A) PR1 and (B) P2M2. The
decrease of signal intensity occurred gradually for P2M2 compared to PR1. Determination of 7,5 and
LCSTyur for PAM2 compared to PR1: (C) from the chemical shift at 1.29—-1.90 (H1, C H ;) and (D) from
the chemical shift at 3.79—4.12 (H5, N-C H (CH3)2). Open circles correspond to a cooling cycle and filled
circles to a heating cycle.

As expected, Figure 2A shows that at 35 °C, the intensity of all signals from PR1 [poly(NIPAm)]
were practically zero (signal undetectable) due to the “coil-to-globule” transition that
poly(NIPAm) underwent at its LCST.3¢3? In comparison, the glycopolymers, here illustrated by
sample P2M2 in Figure 2B, showed that at 35 °C the intensity of the signals related to the
poly(NIPAm) segments remained largely unchanged compared to the spectrum at 25 °C. Even at
50 °C only partial loss of intensity was shown. This was expected because the poly(NIPAm)
segments underwent a thermal random coil to globule transition upon heating, while the sugar
segments remained solubilized. We have observed that the homopolymer of M2EMA does not
undergo a thermal transition upon heating (data not shown). In other words, the sugar segments
may have hampered the aggregation and precipitation of the polymer. This behavior was modeled
as previously described (see SI section C) to derive the parameters Tonset and a LCSTnumr reported
in Table 1. Figure 2B and 2C shows the fitted model to the data for PR1 and P2M2 for two different
chemical shifts.

Table 1 shows that the onset of the thermal transitions (7onser) was similar for all synthesized
polymers and occurred at the LCST for poly(NIPAm) ~ 35 °C. In poly(NIPAm), PRI,
Tonse=LCSTnmr as expected, since the thermal transition from coil-to-globule was sharp. In
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comparison, the glycopolymers showed LCSTnmr above the Tonser due to a gradual thermal
transition as previously described. In terms of the effect of the degree of substitution of sugar units
and their length in the LCST transitions, we observed that the glycopolymers of M2EMA had
statistically significantly higher LCSTnur values compared to the ones based on MiIEMA (See
Figure S3B in SI). In general, we observed that the higher the molar content of the MnEMAs, the
lower the estimated LCSTvur. Additionally, the reference copolymer based on HEMA showed a
significantly lower onset of thermal transition compared to the rest of the samples (30.8 £ 0.8 °C).
This difference was significant regardless of the purity of the reference sample (PR2 or PR2P).
The effect of copolymerization with HEMA was small in the thermal transitions of poly(NIPAm)
compared to the effect induced by the glycomonomers. Figure 2C and 2D also show that the
spectra taken during the heating cycle (filled circles) and during the cooling cycle (empty circles)
were very close (negligible hysteresis). This verified the reliability of the method used to estimate
the polymer segment mobility from the spectra, and to demonstrate that the changes were
reversible.

We want to point out that there was a difference in the estimation of LCSTvmr calculated from
the chemical shifts corresponding to protons in in the main chain of the poly(NIPAm) segments
(H1 and H2 in Figure 1) compared to the estimation derived from the chemical shift of the protons
in the side chain (H5, H6, H7 in Figure 1). In general, the loss of intensity from the main chain
protons due to temperature increase, occurs at a faster rate than for the side chain protons. This
was indicative of a difference of mobility of the poly(NIPAm) segments of the polymer backbone
compared to the side chains. This difference in mobility has been systematically studied by
Futscher and coworkers.** They studied the molecular changes in poly(NIPAm) and in its
monomer (NIPAm) in solution across the LCST transition and determined that the hydrogen
bonding with the amide groups in the side chains is different to the hydration of the hydrophobic
main chain hydrocarbons.** However, in the present study the signals used for the side chain
calculations, illustrated in Figure 2D for proton HS, overlapped with signals that correspond to the
glycopolymer segments. Consequently, we reported the calculated Tonser and LCSTnumr for the main
chain, illustrated for H1 in Figure 2C.

3.3 Thermoresponsive transitions of poly(NIPAm-co-M:EMA)s by DLS, SAXS and cryo-
TEM

DLS, cryo-TEM and SAXS techniques were employed to obtain further knowledge on the
structural changes associated with the thermal transitions observed with NMR spectroscopy. While
NMR data provides information about the immediate vicinity of the atoms, DLS and SAXS reveal
information on how this correlates with the polymer structural changes and aggregation and cryo-
TEM provides imagery of the structures. Hence, these techniques provide complimentary
information.

A comparison of the NMR data and the results from the DLS analysis is shown in Figure 3.
Inserts A and C summarize the thermoresponsive behavior of poly(NIPAm-co-M1EMA)s and of
poly(NIPAm-co-M2EMA)s, respectively, in terms of the intensity of the signal at 1.29-1.90 (H1,
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C Hz) by NMR. Inserts B and D show the corresponding change in hydrodynamic radius (Rx)
measured by DLS from 25 to 70 °C.
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Figure 3. Thermal transitions of the glycopolymers studied by NMR spectroscopy (A and C) and by DLS
(C and D).

Figure 3 shows that DLS and NMR spectroscopy data was temperature independent in the range
25 — 35 °C. In DLS the R reached a maximum size around ~37-39°C, followed by gradual
shrinking up to 70 °C. Therefore, the results will be discussed in terms of these two temperature
ranges in the following sections.

We would like to point out that while all samples showed the same trend at similar temperature
ranges, sample P1M2 showed a shift towards lower temperatures in DLS (Figure 3D). PIM2 has
a particular low sugar content (3 mol %). This sample, when compared to the rest, illustrated that
a certain degree of substitution of sugar needs to be exceeded to induce an effect on the thermal
transition of poly(NIPAm). That is, at this low degree of sugar substitution, the increase of Ry
started earlier than for glycopolymers with at least 8 mol % sugar content (P1M1) and the
shrinkage of the Rx after 35 °C was much more pronounced than for the rest of the samples. This
was an indication that there were not enough sugar moieties to stabilize all of the poly(NIPAm)
segments. Hence, thermal transition was only slightly hampered by the hydrophilic interaction of
the few sugar units. These results suggested that, in our particular case, we needed that the sugar
content had a value between 3 and 8 mol % to induce an effect on the LCST of poly(NIPAm).
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Consequently, we had mostly focused on studying samples with content higher than 8 mol % with
SAXS and cryo-TEM.

3.4 Characterization of poly(NIPAm-co-M:EMA)s at 25 -35 °C

As previously explained, DLS and NMR spectroscopy data were temperature independent in the
range 25 — 35 °C. In this range, the hydrodynamic radius (R:) was between 35 — 62 nm.
Additionally, cryo-TEM images of PIM1 and P2M2 at 25 °C (Figure 4A and 4C, respectively)
showed already a large amount of small aggregates 20 — 40 nm in diameter and elongated structures
of up to 80 nm. These dimensions suggested that the polymers aggregated already at 25 °C into
pearl shaped objects that, in turn, could aggregate into elongated shapes. This aggregation occurred
without any external trigger and was likely driven by attractive interaction between the sugar
moieties since poly(NIPAm) segments would not undergo any conformational change below ~35
°C, as shown in Table 1. Furthermore, it is known that poly(NIPAm) exists in an expanded
conformation in water below the LCST.#! This type of self-aggregation of synthetic glycopolymers
is highly desirable as it does not rely solely on hydrophobic interactions for applications such as
drug delivery and nano reactors.*> We found the same type and size of aggregates in all samples
at 25 °C regardless of the type, size or length of the sugar substituents. Self-assembly similar to
what we have seen in our glycopolymers has been described in double-hydrophilic block
glycopolymers (DHBGs) of poly(2-hydroxyethyl methacrylate)-b-poly(2-(B-glucosyloxy) ethyl
methacrylate) [PHEMA-co-PGEMA] in milli-Q water.* These glucose based block copolymers
showed Riof 4.25 and 19.8 nm as a function of the length of the PHEMA block according to DLS
at room temperature.* The authors proposed that the glycopolymers self-assemble into micellar
structures. In the present case we have calculated the shape parameter p=Rq/R; from DLS data at
25 °C for one of our glycopolymers P2M2 (See SI Table S2). In comparison, a solid sphere gives
p~0.775.% For P2M2 at 25 °C, p=1.22 that corresponds to an elongated shape which correlated
with the aggregates formed at 25 °C into elongated structures.
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Figure 4. Cryo-TEM images prior to blotting at 10-fold dilution (~ 1 mg/mL) of PIM1 incubated at 25 °C
(A) and at 50 °C (B), and of P2M2 incubated at 25 °C (C) and at 50 °C (D). Structures observed: 1) pearl
shaped aggregates, 2) elongated structures; 3) disc-shaped structures that overlap; 4) globular structures
and; 5) fractal aggregates.

Further characterization was done with SAXS. At 25 °C, the SAXS data showed that all of the
samples exhibited similar scattering behavior in solution. Figure SA and B show a gradual change
in the power-law decay through the extended g-range in the scattering curves at 25 °C. Such a
scattering behavior is consistent with a self-similarity in the morphology of the different polymers
in solution and suggested a fractal-like behavior. All of the curves at 25 °C shown in Figure 5
were fitted to the Beaucage model?’?® and the obtained results are summarized in Table 3.
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Figure 5. (A) SAXS curves of PIM1 (light blue rhombus) and P2M1 (red circles) (10 mg/mL) at 25 °C
(filled symbols) and 50 °C (empty symbols). Solid lines are fits to the corrected Beaucage model. (B) SAXS
curves of the P2M2 (dark blue square) and P3M2 (black circles) (10 mg/mL) at 25 °C (filled symbols) and
50 °C (empty symbols). Solid lines are fits to the corrected Beaucage model and polymer micelle model.
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Table 2. Parameters obtained from the fitting poly-(NIPAm-co-MnEMA) SAXS data at 25°C to
the corrected Beaucage model for a fractal object.?

Sample = Parameters I({fractal object) -
designation® [nngn] d [ns,:,b] . I:l ] s
(SPéllzlli/o) 8 3.70 14 24 1.52
(1§ ?nMoll%) 73 4.40 14 24 2.00
(12;\2;,) 85 3.3 12 21 1.54
(152&%) 80 32 5 8 1.50

aDetailed description of the reported parameters can be found in materials and methods. "Within
parentheses is the molar content of the sugar substituent for each copolymer (M1 or M2).

Table 3 shows that the radius of gyration (Rg) of the glycopolymers at 25 °C was within a range
of 75 — 89 nm. This correlates to the cryo-TEM images with the elongated shapes seen formed
from the smaller pearl-shaped structures. The Rg at 25 °C decreased with increasing content of
sugar monomers included in the structure regardless of the number of mannose units. This effect
was more clearly seen from the SAXS data of the di-substituted glycopolymers, in which the
magnitude of Rg decreased with the level of substitution and so did the size of the subunit (Table
2, Rab), even if the difference in sugar content between the two di-substituted glycopolymers was
narrower (16 vs 18 mol%) compared to the mono-substituted (8 vs 16 mol%). The persistence
length (Lp) that characterizes the chain stiffness remained constant for the mono-substituted
glycopolymers (~24 nm) and decreased significantly for the di-substituted ones (21 vs 8 nm).

It can be argued that for a larger density of bulky side groups the chain flexibility would decrease,
as it has been previously observed with softwood hemicellulose and galactose side groups.?*
However, in the case of hemicellulose the backbone is significantly more water soluble, while for
the poly(NIPAm) the backbone is significantly less soluble. When temperature increases and there
is a small change in solvent quality, hemicellulose would remain in solution, while poly(NIPAm)
would precipitate. In our glycopolymers, the introduction of the sugar groups conferred even more
solubility to the polymer back bone, but at the same time the sugar moieties tended to show an
attractive interaction, which was likely to be a combination of e.g. hydrophobic interaction,
specific orientation and hydrogen bonding. The sugars interacted attractively with each other and
led to a closer contact between the chain backbones as a “zip lock”, thus forming aggregates even
at 25 °C without precipitation.

Therefore, we concluded that the synthesized glycopolymers can aggregate below the LCST of
poly(NIPAm) thanks to the effect induced by the attraction of the sugar moieties. This behavior
could be advantageous in applications where self-assembly is required.

174



3.4 Temperature dependent conformational changes of poly(NIPAm-co-MnEMA)s
(T>35°C)

We studied the glycopolymers before the LCST of the poly(NIPAm) (estimated at ~35 °C),
concluding that there was some form of aggregation that was driven by attractive interaction, likely
due to a combination of e.g. hydrophobic interaction and specific orientation, between the sugar
moieties and therefore temperature independent. After 35 °C, however, we expected to see
structural changes driven by the segments of poly(NIPAm).

After the temperature rose beyond 35 °C, DLS showed a rapid increase of Rx, followed up by a
steady decrease of Riup to 70 °C for all samples except PIM1 for which this decrease was up to
63 °C (this will be discussed in detail later). The initial increase in R» was in the order of 2-4 times
the average R at 25 °C reaching a semi-plateau in 102 — 168 nm at about ~37-39 °C, reported as
Rimax in Table 2. This behavior was modeled with a linear regression for which we saw that this
increase in Ry was faster in poly(NIPAm-co-MiEMA)s compared to poly(NIPAm-co-M2EMA)s.
The initial increase of R» was due to unfavorable poly(NIPAm)-water interactions that led to the
collapse of the polymer chains, and eventually to aggregation due to hydrophobic interaction
among the collapsed chains.** At the same time the sugar-sugar interactions were still present and
would interfere with the hydrophobic interactions, thus causing a gradual thermal transition as
oppose to a sharp transition as previously described.

As the temperature increased beyond ~39 °C, we observed a gradual decrease of R; in DLS
(Figure 2) over a wide range of temperatures, the minimum size reached is reported as Rpmin in
Table 2. This decrease of R» was first linear and then proceeded at a slower rate (second degree
polynomial fit). This gradual decrease in Ri suggested that the polymer coils would shrink in size
with increasing temperature. A similar decrease of Rg after an increase has also been seen in
double-hydrophilic thermoresponsive block glycopolymers (DHTBG) of poly(di(ethylene
glycol)methyl ether methacrylate) and a galactose functionalized poly(6-O-vinyladipoyl-D-
galactose).!® Tt was suggested that this shrinking behavior was most likely related to the increase
in hydrophobicity of the hydrophobic segments leading to a shrinkage of the structures present.'6
Accordingly, at 50 °C cryo-TEM images showed that the small aggregates seen at 25 °C appear to
have rearranged into large irregular structures. These structures resembled disk-like aggregates for
samples with MiEMA and globular aggregates for samples with M2EMA (Figure 4). These
aggregates were sometimes attached together to form fractal aggregates. In particular, we
calculated the shape parameter p=Rg/Ri of 0.85 with DLS at 45 °C for P2M2 (See SI Table S2)
which suggested a spherical shape somewhat hollow (Rg/Ri~1 is indication of a hollow sphere)!®
which correlates with the globular aggregates seen in cryo-TEM. Additionally, along the
globular/disc shapes we saw other type of fractal aggregates apparently made up of the elongated
aggregates seen at 25 °C (Figure 4). The formation of aggregates was due to unfavorable
poly(NIPAm)-water interactions that led to the collapse of the polymer chains. However, further
aggregation and eventual precipitation was hampered due to the presence of the sugar moieties
that rendered the polymer slightly more hydrophilic. This behavior can be likened to coacervate
forming polymers.* These polymers cannot cause enough dehydration of their chains above the
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LCST, but instead they form micrometer-scale dispersions and cannot undergo a drastic
conformational change. It has been reported that this type of polymers is better suited for biological
applications because their gentle thermoresponsive behavior is less disruptive in biological or
biomimetic systems.** When poly(NIPAm) aggregates and precipitates, it is due to a gain in
entropy because of the dehydration of the hydrophobic moieties of the polymer, which, in turn,
compensates for the loss of entropy arising from the collapse of the polymer chains into globules.**
By introducing sugar moieties as pendant groups, it is likely that the gain of entropy decreased and
the chains could not undergo full dehydration.

Table 3. Summary of characteristic Rxs measured by DLS of poly(NIPAm-co-M,EMA)s solutions.*

Sample Parameter
designation” Ry @ 25 °C, nm Rpmax‘, nm Ry @ 50 °C, nm Ry, min®, nm
(8P1;1:)/II;)) 36+0.9 168+ 1.8 137+0.8 119+0.9
(122211%) 37+0.9 133+0.9 107 +0.8 90+ 0.4
(3Prf::[1§4) 50+ 1.4 123+ 1.9 69 +0.4 54+0.1
(16132;\1/(13%) 36+0.2 102+ 0.5 95+ 1.1 84 +0.7
(1513);1\212%) 41+£2.7 118+0.8 106 0.6 90+ 0.1

3All Rys at each temperature correspond to the average of 3 measurements. ®Values within parentheses
correspond to the molar content of the sugar substituent (M1 or M2). ‘Measured as the maximum R}, in the
DLS curve.“Measured as the minimum R, reached in the DLS curve after 35 °C.

We also studied the glycopolymers by SAXS at 50 °C, as a representative temperature in the
temperature range in which the R» was gradually decreasing and the results were summarized in
Table 4. In general, we saw that at 50 °C, the size of the polymer particles (R¢) decreases by about
26 - 36% (one sugar) and by 45 — 54 % (two sugars) depending on the degree of sugar substitution
compared to their size at 25 °C. This decrease was also seen in the size of the subunit (Rsub)
indicating that the whole structure was collapsing, which correlated with the shrinking behavior
seen in DLS.
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Table 4. Parameters obtained from the fitting poly-(NIPAm-co-M,EMA) SAXS data at 50 °C to the
corrected Beaucage model.?

Parameters
Fractal model Micelle model
Sample R =
i ion” g £ )
designation [11111;;1 I d [ﬁsn“lbl [:121] dsun | core | corona | Nhead [Xl;::;i] [1‘171:];]
[nm] | [nm]
PIMI1
Emol%) | 4.7 8 | 14 | 16| - ] ] . ]
P2M1
(16mol%) | > 3.90 5 9 |29 | - - . i i
P2M2
(16 mol%) 47 4.65 8 15 227 16 28 30 22 322
P3M2
(18 mol%) 37 3.42 3 5 2.15 14 22 41 7 100

*Detailed description of the reported parameters can be found in materials and methods. All values are
averages from three measurements. *Values within parentheses correspond to the molar content of the sugar
substituent (M1 or M2).

Figure 5 shows that the SAXS data of the glycopolymers recorded at 50 °C, exhibited a similar
trend to the data recorded at 25 °C but with a more pronounced increase in the intensity with ¢ at
the transition from an intermediate- to a low-q region. The large exponent at low-g can be
described as Porod behavior (~q~*) indicating that polymers collapsed into compact objects with
sharp interfaces.*> This type of increase in the power-law behavior with temperature has been
previously reported in literature for temperature-responsive triblock copolymers that contain
poly(NIPAm) blocks.?%?7 These compact objects corresponded to those described on the basis of
the cryo-TEM results as disc-shaped structures (see Figure 4B) for mono-mannose substituted
glycopolymers and globular shape structures with sharp edges for the di-substituted ones (Figure
4D). As previously described, we also saw in cryo-TEM irregular fractal aggregates that coexist
along the globular/discs aggregates. SAXS data showed that the scattering was dominated by the
former as indicated by the dsu,~2 at the intermediate g-range characteristic to dense mass fractals.?
Hence, the data was fitted using the same model (fractal) used for the data at 25 °C (Table 4).
However, it was also possible to fit the SAXS data at 50 °C for the di-mannose substituted
glycopolymers (P2M2 and P3M2) to a polymer micelle core shell model, i.e., a spherical particle
with a dense core consisting of polymer heads and a corona consisting of Gaussian polymer tails.4®
This model is often employed to describe block copolymer micelles.*” Here we made an
assumption that the globular structures seen in cryo-TEM were micelles with a core made of
poly(NIPAm) with scattering length density (SLD) of 0.1x10 A2 and the corona consisted of
mannan with the SLD of 0.145x10¢ A-2. According to the fit shown in Table 4, the glycopolymers
with two mannose units formed micelle-type particles with an overall radius of 44 and 36 nm for
P2M2 and P3M2, respectively (Table 4). Particles with a higher substitution degree of di-mannose
(18 mol%) had a slightly smaller core but a corona with a larger radius than the less substituted
ones (16 mol%). This suggested that a smaller amount of collapsed chains was surrounded by a
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larger amount of sugar units “protecting” the core. Here the water could interact with the sugar
units preventing further aggregation and consequent precipitation.

3.5 Aggregation and precipitation of P1M1

As we previously described, DLS, NMR and SAXS data showed that the structures formed upon
heating beyond the LCST of poly(NIPAm) did not reach equilibrium but continued to shrink up to
70 °C. However, it is expected that the structures would eventually aggregate and collapse, given
that the LCST behavior is entropy driven. This assumption was validated using sample P1M1, for
which DLS showed that at 63 °C there was a sharp increase of Rx which indicated further
aggregation and eventually the copolymer precipitated. This was also observed by NMR
spectroscopy. At temperatures beyond 60 °C it was not possible to record any spectra because
there were no phases with sufficient mobility. Thus, the shimming of the sample failed. It is
expected that all the other samples would eventually also aggregate and precipitate at temperatures
above 70 °C. Sample PIM1 was based on MiIEMA and had a lower average of mannose units per
chain compared to the other glycopolymers. A higher sugar content and long sugar units prevented
the aggregation of collapsed chains up to 70 °C. These observations were in agreement with that
seen in other poly(NIPAm) based glycopolymers with a-linked mannose units, synthesized by
Paul and coworkers.!” They observed that glycopolymers functionalized with high mannose
content (34 and 97 mol%) did not show temperature responsive behavior up to 40 °C compared to
sugar contents under 7 mol%.'” The thermal responsiveness would be affected by the sequence of
the sugar units within the polymer backbone. The degree of dehydration will depend on the sugar
unit distribution and their hydrophilicity would govern the solubility of the polymer even above
LCST of poly(NIPAm).

Scheme 2 shows a graphical representation of the proposed structures formed as the temperature
increases in the solutions of poly(NIPAm-co-MnaEMA)s.
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Scheme 2. Graphical representation of aggregation sequences of thermoresponsive poly(NIPAm-co-
M,EMA) in water. Top to bottom: 25 to 35 °C; 35 — 63 °C for PIM1 and 35 -70 °C for all the other samples;
63 °C for PIM1 and above 70 °C for all the other samples.

3.6 Conformational changes as a function of the concentration

We believe that the type of structures formed as temperature increases were concentration
dependent. For example, we had imaged by cryo-TEM one sample of di-mannose substituted
copolymer (P2M2) at the initial concentration and at 10-fold dilution (~10 mg/L vs ~1 mg/L) at
25 and 50 °C, respectively. At both temperatures, we observed the same type of structures as
previously described. However, a larger amount of elongated particles and even fractal aggregates
were seen at the higher concentration at 25 °C compared to the diluted sample (Figure S4).
Similarly, at 50 °C, the effect of concentration was much more pronounced than at 25 °C. While
both the diluted and the concentrated samples contain globular aggregates and fractal aggregates
of similar dimensions, the former were found in higher numbers under dilute conditions, whereas
the latter dominated under concentrated conditions (Figure S5). The polymers assembled randomly
into mostly fractal-like structures at a high concentration, as expected for a strongly attractive
interaction. Consistently, in a more dilute sample more time was given for the polymer to aggregate
in a more controlled and organized manner giving less extended aggregates.
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4. Conclusions

We have synthesized biobased thermoresponsive glycopolymers from glycomonomers prepared
by enzymatic catalyzed synthesis, and the well-known thermoresponsive polymer poly(NIPAm).
The polymerizations had high conversions reached after 2-3 h. We then systematically
characterized their solution properties and their conformational changes upon heating employing
'"H NMR, DLS, SAXS and cryo-TEM. We saw that the glycopolymers aggregated at room
temperature due to the attractive interaction of the sugar moieties, which results from hydrophobic
interactions, specific orientation and hydrogen bonding. This behavior could be advantageous in
applications where self-assembly is required. We then showed that the glycopolymers had a LCST-
type phase transition as well as aggregation properties beyond the LCST of poly(NIPAm).

We saw that upon increasing temperature beyond the LCST of ply(NIPAm), the glycopolymers
were able to rearrange into sharp edged structures with varying shapes (fractal, discs and globular).
The size and shape of these structures varied in function of the size and degree of substitution of
the mannose pendant moieties offering handles for the variation of the structures to target specific
applications. To the best of our knowledge there is little research into the thermal transitions of
thermoresponsive glycopolymers with a random distribution of sugar moieties along the polymer
backbone, in particular glycopolymers featuring B-linked mannose units. We expect that the
findings of this work will form the basis for the synthesis of a library of glycopolymers with diverse
structures/function using alternative comonomers and/or other polymerization techniques.
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A. Detailed synthesis of poly(N-isopropyl acrylamide)-co-(2-[p-manno[oligo]syloxy] ethyl
methacrylate)s [Poly(NIPAm-co-MaEMA)s]

A total of eight different polymers were prepared in solution. Two glycopolymers (P1M1-P2M1)
based on MiEMA and three (P1M2-P3M2) with M2EMA were prepared. Additionally, three
reference samples were prepared, a homopolymer of NIPAm (PR1) and a copolymer of NIPAm
and HEMA (PR2). Details of the experimental design of the polymerizations can be found in Table
S1.

Copolymers of MnEMAs and NIPAm and the homopolymer of NIPAm were synthesized via
conventional radical polymerization in D20 at room temperature in an NMR tube as previously
reported.’ A system of initiator potassium persulfate (KPS) and accelerator N,N,N'N'-
tetramethylethylenediamine (TEMED) were used. The polymerizations solutions were designed
with a monomer concentration of 250 mmol/L and monomer:initiator:accelerator ([M]:[1]:[A])
ratios of 100:0.4:0.6 unless otherwise stated (Table S1).

The reference sample based on HEMA (PR2) was prepared in ethanol with 2,2’-

azobis(isobutyronitrile) (AIBN) as initiator at 60 °C in a similar way previously described.?

Table S1. Synthesis data of the thermoresponsive glycopolymers and reference polymers based
on NIPAm.

Yteed M,EMA
S”mile Designation M,EMA [m%{ " [M]:[1]:[A] /NIPAm®
typ [mol/mol] [mg/mg]
Poly(NIPAm-co- PIMI 0.10 250 100:0.4:0.6 0.28 (0.21)
M;EMA) P2M1 0.15 250 100:0.4:0.6 0.45 (0.55)
PIM2 0.02 100:0.3:- 0.10 (0.10)
1203
Poly(NIPAm-co-
M:EMAP
P2M2 0.10 250 100:0.4:0.6 045
P3M2 0.15 250 100:0.4:0.6 0.71 (0.86)
Poly(NIPAm) PR1 - 250 100:0.4:0.6 -
Poly(NIPAm-co- PR2/PR2P* 0.15 250 100:0.4:0.6 0.20
HEMA)

I= initiator, KPS. A=accelerator, TEMED, M=monomer. PR1-PR2 are reference materials;'In parentheses the actual
measured mass ratios using NMR,?No accelerator was added in this synthesis. 3[M] is lower than the other
syntheses.*PR2 and PR2P are obtained from the same polymerization except PR2 is a crude sample and PR2P is from

the same PR2 solution but purified. *Calculated as HEMA/NIPAm.

250 mL of the enzymatic synthesis mixture was used for purification and isolation of the individual
monomers, MnEMAs, as previously described.! After purification the MnEMA monomer solutions
contained 70-85% acetonitrile. The total mass available in the solutions was of 18.7 mg and 29.5
mg of MiEMA and of M2EMA respectively.

For polymerizations, a determined volume of monomer solutions was subjected to acetonitrile

evaporation in a rotary evaporator. A gradual exchange of water for D20 to the desired monomer
concentration followed. This was done through careful evaporation of fractions of water at a
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controlled temperature of 37 °C in the rotary evaporator, adding D20 in multiple steps. The
temperature was kept always under 37 °C (enzymatic reaction temperature) to prevent possible
spontaneous polymerization of the monomers. Once the desired volume was achieved, the
monomer solution was transferred to an NMR tube with septum via a glass microscale syringe
equipped with a long needle. NIPAm, initiator (KPS) and accelerator (TEMED) solutions in D20
were prepared and degassed separately before addition to the NMR tube containing the MnEMA
solution. The NMR tube was sealed and the polymerization progressed at room temperature.

This microscale polymerization preparation is challenging mainly because the glycomonomers
have shown to precipitate from solution during concentration. These leads to losses of the
glycomonomers along the process, thus limiting the net amount of glycomonomers for
polymerizations. Optimization of recovery and purification methods in large scale are subject of
ongoing work. Nevertheless, we purified enough glycomonomers to prepare several samples at a
microscale.

Utmost care was taken on to maintain all parameters close to the nominal values of the
experimental design (Table S1). The concentration of reactants was estimated before
polymerization via NMR when possible (average prediction error of 2% measured in 5 external
standards described below).

All samples were kept in solution in the NMR tubes after synthesis without further processing
before characterization. Only part of the reference polymer solution P2R was used to obtain a
purified polymer due to low monomer conversions (See Table 2). The purified sample P2R is
labeled as P2RP. To obtain sample P2RP, some of sample P2R was precipitated twice in 10 times
volume of diethyl ether, filtered and rinsed. The recovered white powder was vacuum dried to
constant weight. The sample was then suspended in 600 uL of D20 for characterization. Even
though this sample is a reference sample and does not contain glycomonomer, we have used it as
a model compound to reveal if the presence of unreacted monomer had any effect on the thermo-
responsive behavior.

It is worth noting that in sample P1M2, the monomer molar concentration in the reaction is lower
than the rest of the synthesis. Given the low amounts available of monomers, this reaction was the
first polymerization performed and was designed to minimize the amount of monomer used. The
monomer molar concentration in the reaction was 54 mmol/L to begin with, no polymerization
occurred at first at this concentration so we increased the molar concentration of monomer to 120
mmol/L by evaporating some of the water in a rotary evaporator (Table S1). Fresh initiator solution
was added and the polymerization then progressed at room temperature.

B. Nuclear Magnetic Resonance (NMR) spectroscopy detailed method

To acquire '"H NMR spectra for each sample the spin-lattice (T1) was determined from a series of
spectra using the standard inversion recovery sequence varying the delay time from 0.001 to 5 s.
A relaxation delay of 5 x T1 (for a 90 ° pulse) and an acquisition time of 3 x T2 were used for the
acquisition of the spectra. The 90 © pulse was calibrated using the pulsecal program from Topspin.
The number of scans and the parameter D1 was adjusted for each sample. All spectra for
determination of low critical solution temperature (LCST) transitions were shimmed in solvent
suppression mode with digitization mode set to baseopt. Spectra calibration, base line correction
and phase correction were done using Topspin. In-house generated Matlab scripts as well as the
freely available Matlab application RBNMR? were used for spectra analysis.
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C. Determination of parameters Tonser and LCSTxur from 'H NMR spectroscopy data

To determine the LCST transitions from the acquired spectra, the intensities of selected chemical
shifts at different temperatures were calibrated to the intensity at 25 °C and plotted against
temperature. The intensity is calibrated to the value of the intensity of the reference spectrum. All
intensities in the series of experiments are then scaled with the same factor. This allows to
immediately compare the spectra within the series of experiments.

A 5-parameter sigmoidal curve (equation S1) was then fitted using Sigmaplot® V.12.0. The fit
provides with 5 parameters (a-¢). From this fitting two parameters were derived, the Tonser of the
LCST (determined as the temperature of greatest slope, xo in Equation S1) and a parameter that
we have named LCSTwvmr, which was obtained by resolving the temperature (x) for when the y=0.5
(the intensity is half of the initial intensity y=1):

Y=y + Equation S1

a
T x—xo\1¢
1+ e_(x bxo)]

D. DLS and SLS for P2M2 to determine shape factor

DLS and SLS data was measured to derive the shape factor p= R¢/R; reported in table S2 for sample
P2M2 at 25 and 45 °C. The obtained scattering intensity /(q) was brought to an absolute scale
using: [T. Zemb and P. Lindner, Neutron, X-Rays and Light. Scattering Methods Applied to Soft
Condensed Matter, NORTH HOLLAND, 2002.]

2
_ A@ (n :
I(q) = o @ (nref) RRyef Equation S2

where Al(q) is the background scattering, # is the refractive index of the solution, and lrer (g), #rer
and RR.rare the scattered intensity, refractive index, and Rayleigh ratio, of the reference (toluene),
respectively; ¢ is the magnitude of the scattering vector:

q= %sin (g) Equation S3

where Ao, n and 6 are the laser wavelength, refractive index of the solution and scattering angle,
respectively. The radius of gyration R¢ was calculated using Zimm plot. The derived Rg and Rh
were used to calculate shape factor.

Table S2. DLS of P2M2 to determine shape factor.

Temperature R; Rn P=Rs/Rn
[°C] [nm] [nm]

25 49.1 40.11 1.22

45 50 58.63 0.85
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E. 'H and '3C NMR spectra for sample P3M2.
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Figure S1. 'H NMR (D20, 500 MHz) spectra of poly(N-isopropylacrylamide-co-2-[p-
manno(bio)syloxy] ethyl methacrylate) P3M2 taken at 25 °C.
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Figure S2. 3C NMR (D20, 125 MHz) spectra of poly(N-isopropylacrylamide-co-2-[p-
manno(bio)syloxy] ethyl methacrylate) P3M2 taken at 25 °C.
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F. Analysis of LCST and LCST~xmr by "H NMR spectroscopy
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Figure S3. Estimated Tonser of the transition (A) and LCSTamr (B) of the glycopolymers and the
reference materials by NMR analysis. Error bars correspond to the SSE of the curve fitting for the
respective parameter.

G. cryo-TEM concentration dependence in P2M?2

Figure S4. Cryo-TEM images of P2M2 incubated at 25°C prior to blotting at 10-fold dilution ~1
mg/mL (left) and at the initial concentration ~10 mg/mL (right).
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Figure S5. Cryo-TEM images of P2M2 incubated at 50°C prior to blotting at 10-fold dilution 1
mg/mL (left) and at the initial concentration ~10 mg/ml (right).

H. SEC chromatograms in water mobile phase
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Figure S6. Inserts from the size exclusion chromatograms for samples P1M1 and P2M2.
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Abstract

3-Mannanases catalyze the conversion and modification of 3-mannans and may, in addition to hydrolysis, also be capable of
transglycosylation which can result in enzymatic synthesis of novel glycoconjugates. Using alcohols as glycosyl acceptors
(alcoholysis), 3-mannanases can potentially be used to synthesize alkyl glycosides, biodegradable surfactants, from renewable
-mannans. In this paper, we investigate the synthesis of alkyl mannooligosides using glycoside hydrolase family 5 (3-
mannanases from the fungi Trichoderma reesei (TrMan5A and TrMan5A-R171K) and Aspergillus nidulans (AnMan5C). To
evaluate 3-mannanase alcoholysis capacity, a novel mass spectrometry-based method was developed that allows for relative
comparison of the formation of alcoholysis products using different enzymes or reaction conditions. Differences in alcoholysis
capacity and potential secondary hydrolysis of alkyl mannooligosides were observed when comparing alcoholysis catalyzed by
the three 3-mannanases using methanol or 1-hexanol as acceptor. Among the three 3-mannanases studied, 7rManSA was the
most efficient in producing hexyl mannooligosides with 1-hexanol as acceptor. Hexyl mannooligosides were synthesized using
TrMan5A and purified using high-performance liquid chromatography. The data suggests a high selectivity of 7rMan5A for 1-
hexanol as acceptor over water. The synthesized hexyl mannooligosides were structurally characterized using nuclear magnetic
resonance, with results in agreement with their predicted (3-conformation. The surfactant properties of the synthesized hexyl
mannooligosides were evaluated using tensiometry, showing that they have similar micelle-forming properties as commercially
available hexyl glucosides. The present paper demonstrates the possibility of using 3-mannanases for alkyl glycoside synthesis
and increases the potential utilization of renewable 3-mannans.

Keywords (3-Mannanase - Transglycosylation - Alcoholysis - Alkyl glycoside - Surfactant
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Plant biomass has the potential to substitute fossil resources in
numerous sectors. In this development, considerable interest is
devoted to biotechnology for the sustainable production of
biofuels and biochemicals (Cherubini 2010). Alkyl glycosides
are non-toxic and biodegradable non-ionic surfactants suitable
for many applications including detergents, cleaners, and per-
sonal care products (von Rybinski and Hill 1998). They consist
of a hydrophobic alkyl chain linked by a glycosidic bond to a
hydrophilic glycoside.

Glycoside hydrolases (GHs) can be used to synthesize al-
kyl glycosides from carbohydrates and alcohols under rela-
tively mild reaction conditions (Ochs et al. 2011; van
Rantwijk et al. 1999). Enzymatic synthesis of alkyl glycosides
has several advantages over chemical synthesis in that it en-
ables production of anomerically pure molecules, without the
use of several protection and deprotection steps for
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chemoselectivity (van Rantwijk et al. 1999; von Rybinski and
Hill 1998; Wang and Huang 2009). GH-catalyzed synthesis
can be done either via thermodynamically controlled reversed
hydrolysis or kinetically controlled transglycosylation (van
Rantwijk et al. 1999).

In the Carbohydrate-Active Enzymes (CAZy) database
(http://www.cazy.org) (Lombard et al. 2014), GHs are classi-
fied into families based on sequence similarity, and some GH
families have further been divided into subfamilies, e.g., GH
family 5 (GH5) (Aspeborg et al. 2012). Families are classified
into clans, where clan A is the largest (Davies and Sinnott
2008; Henrissat and Bairoch 1996). The active sites of endo-
acting GHs, e.g., GH5 3-mannanases, contain several subsites
where the monosaccharide moieties of the substrate bind. The
subsites are labeled from —n to +n, where n is a positive inte-
ger, with —n situated towards the non-reducing end and +n
towards the reducing end of the substrate (Fig. 1).
Glycosidic bond cleavage occurs between monosaccharide
moieties bound at the adjacent — 1 and + 1 subsites (Davies
etal. 1997).

The GHs applicable for transglycosylation utilize a
two-step catalytic mechanism which retains the configu-
ration of the anomeric carbon (Sinnott 1990). The GH5
subfamily 7 (GHS5_7) (-mannanases belonging to clan
A studied in the present paper utilize this mechanism
(Gilbert et al. 2008). The first step of the retaining
mechanism is a nucleophilic attack on the anomeric car-
bon, which releases the leaving group and forms a co-
valent glycosyl-enzyme intermediate (Davies and
Henrissat 1995; Zechel and Withers 2000). In the sec-
ond step, a glycosyl acceptor, water in hydrolysis and
another nucleophile in transglycosylation, performs a
nucleophilic attack on the covalent intermediate which
breaks the covalent bond, forming a new product
(Fig. 1). Several GH5 (-mannanases have been shown
to use saccharides as transglycosylation acceptors
(Arcand et al. 1993; Coulombel et al. 1981; Couturier
et al. 2013; Dias et al. 2004; Dilokpimol et al. 2011;
Hakamada et al. 2014; Harjunpdi et al. 1999; Hrmova
et al. 2006; Larsson et al. 2006; Mizutani et al. 2012;

O-O-on
|

O-XO-0ron»

Ot

-2 -1 +1 +2 -2 -1

Fig. 1 Simplified scheme illustrating the retaining double-displacement
mechanism used by the 3-mannanases in this study. To the left,
mannotetraose (My) is shown bound in subsites —2 to +2 with the
reducing end bound in subsite +2. 3-Mannanases may bind My in
multiple binding modes, e.g., from subsites — 3 to + 1 (Rosengren et al.
2012), resulting in other products. The enzyme performs a nucleophilic
attack instead the glycosidic bond between subsites — 1 and + 1, indicated
by the arrow, and releases the mannobiose unit in subsites + 1 and +2
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Morrill et al. 2015; Puchart et al. 2004; Rosengren et al.
2012; Rosengren et al. 2014; Schroder et al. 2006;
Wang et al. 2014). Alcohols acting as acceptors in com-
bination with glycosyl donor substrates can generate al-
kyl glycosides (Adlercreutz 2017; Rosengren et al.
2014). In the presence of both water and alcohol, these
acceptors compete to attack the covalent intermediate.
Secondary hydrolysis of products may also occur
(Fig. 1), and the synthesis and breakdown of several
products are possible before equilibrium is reached
(Sinnott 1990; van Rantwijk et al. 1999).

To date, alkyl glycoside synthesis with GHs has been car-
ried out with, e.g., B-glucosidases (Lundemo et al. 2013;
Papanikolaou 2001; Turner et al. 2007), 3-mannosidases
(Ttoh and Kamiyama 1995), a-amylases (Damian-Almazo
etal. 2008; Larsson et al. 2005; Moreno et al. 2010), xylanases
(Jiang et al. 2004; Matsumura et al. 1996; Matsumura et al.
1997; Matsumura et al. 1999; Ochs et al. 2011), and (3-
glucanases (Akiba et al. 1999). However, little is known about
alkyl glycoside synthesis catalyzed by endo-acting GHs
attacking (3-mannans which are among the most abundant
polysaccharides in nature, e.g., constituting the major part of
softwood hemicellulose (Ebringerova 2006; Lundqvist et al.
2003; Scheller and Ulvskov 2010). We have previously ob-
served transglycosylation with 3-mannanases using methanol
and 1-butanol as acceptors (Rosengren et al. 2012; Rosengren
etal. 2014). 3-Mannanases have several potential and existing
applications to increase the use of this interesting natural re-
source (Moreira and Filho 2008; Yamabhai et al. 2016). In the
present paper, we address a novel approach—the application
of 3-mannanases in synthesis of alkyl glycosides using re-
newable (3-mannan as donor substrate. Successful use of (3-
mannanases for enzymatic synthesis is especially interesting
since the 3-mannosidic bond is arguably the most difficult
glycosidic bond to synthesize by chemical means (Gridley
and Osborn 2000). Frequently, activated (e.g., nitrophenyl)
sugars are used as donor substrates in transglycosylation reac-
tions with exo-acting GHs as catalysts (Teze et al. 2015; Teze
et al. 2014). Our approach in the current paper, however, is
different. We are studying the use of a natural, renewable

HO-H

O~O-0H, (HOR
(2 O-Oor

HO-R

(white) while the mannobiose unit in subsites — 1 and —2 (gray) forms a
covalent intermediate with the enzyme. The covalent intermediate (in the
center) can then be attacked by water (HO-H), leading to hydrolysis, or
an alcohol (HO-R), leading to alcoholysis and the production of a
glycosyl conjugate (alkyl mannobioside) shown to the right. The
dashed arrows show possible secondary hydrolysis of the glycosyl
conjugate

O-H
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(non-activated) donor substrate (3-mannan) and endo-
glycosidases ([3-mannanases) as catalysts, allowing the syn-
thesis of alkyl glycosides with longer sugar heads.
Furthermore, in the present study, we expand the length of
the acceptor alcohol used compared to previous studies
(Rosengren et al. 2014) of 3-mannanases.

With the aim to reveal the applicability of 3-mannanases in
alkyl mannooligoside synthesis, three fungal GH5 (3-
mannanases were selected based on previously observed
alcoholysis capabilities with methanol and butanol as well as
different product profiles due to different modes of
mannotetraose (My) attack: from Trichoderma reesei,
TrMan5A (Sabini et al. 2000) and its engineered subsite + 2
variant 7¥Man5A-R171K (Rosengren et al. 2012), and from
Aspergillus nidulans, AnMan5C (Dilokpimol et al. 2011;
Rosengren et al. 2014).

In this paper, we further study these three (3-mannanases
for the synthesis of alkyl mannooligosides using a longer-
chain alcohol, i.e., hexanol, as acceptor (resulting in hexyl
mannooligosides). A further novelty is the use of a natural
3-mannan donor substrate. Mass spectrometry was used as a
novel screening method to estimate the initial degree of
alcoholysis products (DA) early in reactions where a signifi-
cant amount of donor substrate remains. DA reflects the frac-
tion of total products that are alkyl mannooligosides. One {3-
mannanase (7*Man5A) was selected for further optimization
on the basis of highest DA values and stable product during
prolonged incubations. Using pre-hydrolyzed (3-mannan as
donor substrate, a sufficiently large reaction was set up to
allow product characterization. The synthesized hexyl
mannooligosides were separated and quantified using
reversed-phase liquid chromatography, their structures were
characterized, and their basic surfactant properties were
determined.

Materials and methods
Cloning, expression, and purification

TrMan5A was produced in the host 7. reesei as described
earlier (Hagglund et al. 2003) and was lyophilized. An aliquot
of the obtained powder was solubilized in 50 mM sodium
acetate buffer (pH 5.3). To remove saccharides present in the
enzyme powder, the solution was concentrated by centrifuga-
tion in a spin column with 10 kDa cutoff followed by dilution
in the buffer and this procedure was repeated several times.
For production of 7rMan5A-R171K, Pichia pastoris X-33
cells transformed with the constructed plasmid encoding
TrMan5A-R171K as described previously (Rosengren et al.
2012) were cultured and expressed as described in the
EasySelect™ Pichia expression kit manual (Invitrogen,
Lidingd, Sweden). The cells were streaked on an agar plate

containing yeast extract peptone dextrose (YPD) medium with
100 pg/mL Zeocin™ and incubated at 30 °C for 3 days. One
colony was transferred to a 250-mL baffled Erlenmeyer flask
containing 50 mL buffered glycerol-complex medium
(BMGY) and incubated at 30 °C and 250 rpm to an ODgg
of 2.0. The culture was then centrifuged for 30 min, the su-
pernatant was discarded, and the pellet was dissolved in
400 mL buffered methanol-complex medium (BMMY) to an
ODgq of 1.0 in two 2-L baffled Erlenmeyer flasks for expres-
sion. The expression culture was incubated at 30 °C and
250 rpm with methanol added every 24 h to a final concentra-
tion of 0.5%. Culture enzyme activity was monitored with the
-mannanase activity assay described below. After 6 days of
expression, the supernatants were harvested by centrifugation
and the cell pellets were discarded. The supernatant was con-
centrated and changed to 10 mM Tris-HCI buffer (pH 7.8)
using spin columns with 10 kDa cutoff. Anion exchange chro-
matography was performed on a BioLogic DuoFlow FPLC®
System (Bio-Rad, Hercules, CA, USA) with a 6-mL Resource
Q anion exchange column (Amersham Pharmacia Biotech,
Uppsala, Sweden). The flow rate was 1 mL/min, and 40 frac-
tions of 5 mL each were collected over a sodium chloride
gradient of 0-0.5 M. The purest fractions, evaluated with so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) (Rosengren et al. 2012), were pooled and
changed to 50 mM sodium acetate buffer (pH 5.3) using a
spin column with 10 kDa cutoff.

For production of AnMan5C, P. pastoris X-33 cells contain-
ing the gene encoding the enzyme were obtained from the
Fungal Genetics Stock Center (FGSC), School of Biological
Science, University of Missouri (Kansas City, MO, USA), with
accession number 10106 (AN6427.2). The gene was previous-
ly cloned from complementary DNA of A. nidulans by others
(Bauer et al. 2006). The cells were cultured and expressed, and
the supernatant was harvested in the same way as described for
TrMan5A-R171K above. AnManSC was purified as described
previously (Rosengren et al. 2014). The supernatant was con-
centrated by centrifugation in a spin column with 10 kDa cutoff.
His-tag purification was performed with a 1-mL Ni-NTA
Superflow cartridge according to the manufacturer’s recom-
mendations (Qiagen, Hilden, Germany). Fractions with pure
protein, verified by SDS-PAGE, were pooled and changed to
50 mM sodium acetate buffer (pH 5.5), by centrifugation using
a 10-kDa cutoff spin column.

Protein concentrations were determined using a
NanoDrop® ND-1000 spectrophotometer (Saveen Werner,
Malmd, Sweden) by measuring absorbance at 280 nm as de-
scribed previously for 7rManSA and 7rMan5A-R171K
(Rosengren et al. 2012) as well as for AnMan5C (Rosengren
etal. 2014).

As assay buffers, 50 mM sodium acetate buffer (pH 5.3) for
TrMan5SA and 7rMan5A-R171K and 50 mM sodium acetate
buffer (pH 5.5) for AnMan5C were used if not otherwise stated.
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The 1-hexanol was dried with a 3 A molecular sieve (Sigma-
Aldrich, St. Louis, MO, USA) for at least 24 h before use.

B-Mannanase activity assay

3-Mannanase activity was assayed with 0.5% (w/v) locust
bean galactomannan (LBG) (Sigma-Aldrich) in buffer using
a scaled-down version of the 3,5-dinitrosalicylic acid (DNS)
method described previously (Stalbrand et al. 1993). Six mi-
croliters of adequately diluted enzyme was mixed with 54 pl
0f0.5% (w/v) LBG in a 96-well plate and incubated for 10 min
at 37 °C in a PTC-200 thermocycler (Bio-Rad). One hundred
twenty microliters DNS was added to the mixture to stop the
reaction. The mixture was heated at 95 °C for 5 min and
subsequently cooled in the thermocycler before the absor-
bance was measured at 540 nm in a SpectraCount™ plate
reader (Packard, Meriden, CT, USA). The concentration of
reducing ends was calculated from a standard curve of
mannose.

B-Mannanase stability in alcohol

The stability of the three 3-mannanases was tested in 25, 50,
and 75% (v/v) methanol; in 5 and 25% (v/v) 1-hexanol; and
without any alcohol. The three enzymes were each diluted
with assay buffer and alcohol at the abovementioned concen-
trations prior to incubation. The stability test was performed at
room temperature and at 37 °C. After 0, 2, 6, and 24 h of
incubation, samples were taken and residual (3-mannanase
activity was assayed in each sample as described above.

Alcoholysis with M, and methanol

Alcoholysis with methanol was performed by incubating
2 uM of each enzyme with 5 mM mannotetraose (M) and
25% (v/v) methanol in 20 mM buffer at 37 °C for 4 h
(Rosengren et al. 2012). Samples were taken every hour and
analyzed with matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF MS) as de-
scribed previously (Hekmat et al. 2010; Rosengren et al.
2012). 0.5 pL of each reaction mixture was applied and quick-
ly dried by heating on a stainless steel target plate. Then,
0.5 pL matrix (10 mg/mL 2,5-dihydroxybenzoic acid (DHB)
in water) was applied over the sample and quickly dried by
heating. A 4700 Proteomics Analyzer (Applied Biosystems,
Foster City, CA, USA) in positive reflector mode was used
with a laser intensity of 5000. Fifty subspectra with 20 shots
on each were accumulated from a sample to generate a spec-
trum. Data Explorer version 4.5 (Applied Biosystems) was
used for data analysis.
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Alcoholysis with M, and 1-hexanol

Alcoholysis with 1-hexanol was performed in the same way as
described with methanol, except that 25% (v/v) 1-hexanol was
used instead of methanol, and prior to the sampling of the
reaction mixture, the tube was shaken to mix the two phases.
Reactions with 7rMan5A were also performed with varying
enzyme concentrations (0.2, 2, and 4 pM) and M, concentra-
tions (5, 25, and 50 mM). Duplicate incubations were ana-
lyzed with MALDI-TOF MS as described above, except that
the samples were diluted 10-fold in Milli-Q water before be-
ing applied on the target plate due to the presence of hexanol.
In addition, reactions with 5, 25, and 50 mM M, were ana-
lyzed with high-performance anion exchange chromatogra-
phy with pulsed amperometric detection (HPAEC-PAD) in
order to analyze the rate of M4 degradation in these reactions,
using an ICS-5000 system and a CarboPac PA200 column
(Thermo Fisher Scientific, Waltham, MA, USA).

Calculation of degree of alcoholysis products

In alcoholysis reactions with both alcohol and water present
together with a donor saccharide, both hydrolysis products
(oligosaccharides) and alkyl glycosides are likely formed.
The product formation (here analyzed with MALDI-TOF
MS) can be described by the DA, reflecting the fraction of
total products that are alkyl mannooligosides. To make an
initial estimation of the DA for a given reaction, the peak areas
of alkyl mannooligosides and mannooligosaccharides that
have accumulated from the start of a reaction to the sampling
time were obtained from the same MALDI-TOF MS spec-
trum. Since different compounds are expected to have differ-
ent response factors in MALDI-TOF MS (Duncan et al.
2008), the DA determined in this way does not reflect the
absolute concentration relation of products. However, DA
analysis can still serve as a straightforward initial method to
compare different enzymes and/or reaction conditions. In this
case, to estimate DA in reactions with M, as donor substrate,
the MALDI-TOF MS peak areas of the alcoholysis products
(alkyl mannooligosides) and oligosaccharide products were
determined. Hexyl mannoside and mannose (M;) were ex-
cluded in the present study due to being minor reaction prod-
ucts (very low MALDI-TOF MS response), and My was ex-
cluded due to being the reaction donor substrate. DA was then
calculated from MALDI-TOF MS peak areas according to
Eq. (1).

A Total area of alkyl mannooligosides
" Total area of oligosaccharide products and alkyl mannooligosides

()

The initial DA values after 1 h of incubation were calculat-
ed for reactions with 2 uM TrMan5A, TrMan5A-R171K, or
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AnMan5C with 5 mM My and 25% (v/v) methanol or 1-
hexanol, as well as during the course of further reactions with
1-hexanol.

Separation and quantification of hexyl
mannooligosides

To separate and quantify the synthesized hexyl
mannooligosides, the reaction was performed as described
above with 25% (v/v) 1-hexanol, 0.2 uM 7rMan5A, and
25 mM My for up to 8 h. Samples were taken every 2 h,
and the reaction was stopped by heating the samples at
95 °C for 5 min. The samples were then diluted fourfold
with water and acetonitrile (ACN) to 20% (v/v) ACN. The
diluted samples were analyzed on an UltiMate 3000 high-
performance liquid chromatography (HPLC) system
(Thermo Fisher Scientific) using an Acclaim RSLC 120
C,g column with a Corona charged aerosol detector
(CAD). Five microliters of each sample was injected and
separated with a 0.5 mL/min mobile phase composed of
85% of 0.1% (v/v) acetic acid in water and 15% ACN
over 20 min at a column temperature of 40 °C.
Concentrations of hexyl mannooligosides were estimated
using a standard curve of hexyl-f3-D-maltoside (Sigma-
Aldrich). Fractions were collected at chromatogram peaks
during HPLC separation and analyzed with MALDI-TOF
MS in order to determine peak identities.

Calculation of alcoholysis/hydrolysis ratio

In order to more accurately and mechanistically describe the
competition between alcohol and water in the reaction mix-
ture with 7rMan5A, the alcoholysis/hydrolysis ratio (ra/ri)
was calculated as described in the literature (van Rantwijk
et al. 1999). In kinetically controlled transglycosylation re-
actions with alcohol as the main (non-water) acceptor, ra/ry
describes the prevalence of the covalent intermediate being
attacked by alcohol as opposed to water. Due to hexyl
mannobioside (hexyl-M,) being the dominant alkyl
mannooligoside produced by 7rMan5A, ra/ry was calculat-
ed according to Eq. (2) based on HPLC and HPAEC-PAD
quantifications of hexyl-M, and mannobiose (M,), respec-
tively. Hydrolysis of M, generates two M, molecules, while
alcoholysis generates M, and hexyl-M, in equimolar
amounts (Fig. 1). Thus, the denominator is calculated by
subtracting [alkyl-M;] from [M;] and dividing the obtained
value by 2.

ra lalkyl=M,]

o (Mal-alky VL)) /2 @

From the initial 75/ry, the theoretical yield () was extrap-
olated according to Eq. (3) (van Rantwijk et al. 1999) and

compared with experimental yield to assess secondary hydro-
lysis of alcoholysis products.

_ rA/rH
1 +ra/ru

n 3)

The selectivity factor (S,) indicating the enzyme’s selectiv-
ity for the alcohol (Adlercreutz 2017; Hansson and
Adlercreutz 2001) was also calculated from the initial ra/ry
according to Eq. (4). In the case of 1-hexanol, the concentra-
tions of 1-hexanol (5.9 g/L, equal to 58 mM) and water (55 M)
in the water phase of the reaction mixture were used to calcu-
late S..

ra _ [water]

S, =
rg  [alcohol]

)

Preparative synthesis and purification of hexyl
mannooligosides

To prepare sufficient amounts of hexyl mannooligosides for
characterization, the alcoholysis reaction was scaled up.
Mannooligosaccharides were prepared by hydrolysis of 4 g
ivory nut mannan (INM) (Megazyme, Bray, Ireland) for 4 h
by 0.25 uM of the GH26 (-mannanase from Podospora
anserina, PaMan26A (Couturier et al. 2013; von Freiesleben
et al. 2016), in 400 mL of 20 mM ammonium acetate buffer
(pH 5.3) at 40 °C in a 2-L baftled Erlenmeyer flask with shak-
ing at 150 rpm. The oligosaccharide composition of the
resulting hydrolysate was determined with HPAEC-PAD, and
the hydrolysate was lyophilized. Hydrolysate with 25 mM of
M, was then used as donor substrate in a 35-mL reaction with
25% (v/v) 1-hexanol and 0.2 uM 7iMan5A in 20 mM sodium
acetate buffer (pH 5.3). The reaction was performed for 8 h at
37 °C and then stopped by boiling for 5 min. Hexyl
mannooligosides in the sample were quantified with HPLC as
described above. The obtained hexyl mannooligosides were
then purified with preparative HPLC using a Waters Symmetry
C,g Prep column using a 1260 Infinity system (Agilent
Technologies, Santa Clara, CA, USA), with a 10-45% gradient
of ACN versus 0.1% formic acid in water over 9 min at room
temperature, followed by a steeper gradient of 45-90% ACN
over 2 min and, finally, a wash step with 90% ACN for 2 min.
Fractions were collected during the entire separation and ana-
lyzed with MALDI-TOF MS to identify fractions containing
hexyl mannooligosides. The identified fractions were then
pooled, lyophilized, and redissolved in 25 pl Milli-Q water.

Structural characterization of hexyl mannooligosides
For structural analysis, an aliquot of the lyophilized hexyl

mannooligoside mixture synthesized above was analyzed
with MALDI-TOF MS as described above. Peaks
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corresponding to hexyl mannooligosides were then
fragmented with MALDI-TOF/TOF tandem MS. From each
precursor mass, to generate a spectrum, 10 subspectra were
collected in positive reflector mode with 125 shots per
subspectrum at a laser intensity of 6000.

Further structural analysis was carried out with nuclear
magnetic resonance (NMR) spectroscopy. Before analysis,
the lyophilized sample of hexyl mannooligosides was dis-
solved in 500 pl of 99.8% D,0, equilibrated at room temper-
ature overnight, lyophilized, and redissolved and equilibrated
overnight again in 500 pl of 99.8% D,0. 'H, 13C, correlation
spectroscopy (COSY), total correlation spectroscopy
(TOCSY), heteronuclear multiple-bond correlation (HMBC),
and heteronuclear single quantum coherence (HSQC) NMR
spectra were recorded at 10 °C and a 'H spectrum also at
25 °C, on an Bruker Avance III spectrometer (Bruker,
Billerica, MA, USA) at 500.17 and 125.78 MHz for 'H and
13¢, respectively. Chemical shifts were given in ppm relative
to tetramethylsilane (TMS) as external standard. Additionally,
"H NMR was used to quantify the hexyl-M, and hexyl
mannotrioside (hexyl-M3) in the sample by comparing it to
reference samples of hexyl-f3-D-maltoside. The same sample
was also analyzed and quantified with HPLC, using hexyl-f3-
D-maltoside as standard.

Determination of critical micelle concentration

In order to evaluate the surfactant properties of the synthesized
hexyl mannooligosides, surface tension was measured as a
function of hexyl mannooligoside concentration using a
PAT-1 Drop and Bubble Shape Tensiometer (SINTERFACE
Technologies, Berlin, Germany). This technique is based on
analyzing the shape of the drop or bubble as described in the
literature (Berry et al. 2015; Javadi et al. 2013). The shape is
determined by the surface tension that strives to make a spher-
ical drop and gravity forces that elongate the drop, which can
be described by the Young-Laplace equation (Berry et al.
2015). The profile of the pendant drop was captured by a
charge-coupled device (CCD) camera. To record data on small
sample volumes, a 100-pl syringe with a needle that has an
external diameter of 1.0 mm was fitted to the instrument and
the sample was ejected manually. A typical drop volume was
5 pl. Since the technique is non-destructive, the same solution
was reused for the following measurements, starting with the
highest concentration and diluting to obtain the necessary con-
centration for the next point in the curve. If needed, the sample
was freeze-dried between measurements. Measurements were
performed at 22 °C for 350 s each and at least twice for every
concentration. For comparison, surface tension curves were
obtained in the same way with hexyl-f3-D-glucoside and
hexyl--p-maltoside individually and in a mixture with a
0.53:1 mole ratio.
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Results
B-Mannanase stability in the presence of alcohol

To see if TrMan5A, TrMan5A-R171K, and AnMan5C
retained their 3-mannanase activity in the presence of alco-
hols, enzyme stability was evaluated with several concentra-
tions of methanol and 1-hexanol, with activity assayed at reg-
ular time intervals. The three enzymes retained 80-100% of
initial activity over 24 h at 37 °C with 25% methanol or 5% 1-
hexanol (Fig. S1). The enzymes were moderately stable with
25% 1-hexanol, retaining 75-90% of initial activity for at least
6 h. Higher methanol concentrations decreased stability fur-
ther, with 75% methanol deactivating all three enzymes after
2h.

Alcoholysis with M, and methanol

In order to screen the enzymes’ capacity to catalyze
alcoholysis, each enzyme was incubated with 5 mM M, and
25% (v/v) methanol at 37 °C for up to 4 h. Alcoholysis prod-
ucts (methyl mannooligosides) and oligosaccharide products
were detected with MALDI-TOF MS. After 1 h, the dominat-
ing product for both 7rMan5A and AnMan5C was M, follow-
ed by methyl mannobioside (methyl-M,) (Fig. 2), with
TrManSA also producing some mannotriose (Ms) and methyl
mannotrioside (methyl-M3). The dominating products for
TrMan5A-R171K are M3 and methyl-M; followed by M, and
methyl-M,. This is consistent with the observed subsite bind-
ing mode preferences with My for 7rManSA and 7rMan5A-
R171K (Rosengren et al. 2012). The R171K substitution in
the + 2 subsite of 7rMan5A was previously shown to reduce
the frequency of binding modes involving the + 2 subsite
(Rosengren et al. 2012).

To advance the evaluation of alcoholysis with methanol by
the three enzymes, the initial DA in the above reactions with
methanol and My was calculated based on MALDI-TOF MS
peak areas of alcoholysis products and oligosaccharide prod-
ucts according to Eq. (1) (Table 1). DA values reflect the
fraction of total products that are alcoholysis products and
allow comparison between enzymes as described in the
“Materials and methods” section. The most effective enzymes
to perform alcoholysis with M, and methanol were 7rMan5A-
R171K and AnMan5C with initial DA values after 1 h of 0.43
and 0.42, respectively, followed by 7¥rMan5A with a DA of
0.33 (Table 1). In addition, minor amounts (<2% of total
product peak area) of saccharides with degree of
polymerisatio (DP) 5-9 were detected in incubations with
TrManSA and AnMan5C, indicating transglycosylation with
saccharides as acceptors, but not with 7rMan5A-R171K, in
line with previous studies (Dilokpimol et al. 2011; Rosengren
et al. 2012). The reactions were further followed during 4 h
with sampling every hour, showing differences in DA during
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Fig. 2 MALDI-TOF-MS spectra of alcoholysis reaction with methanol
after 1 h. Peaks correspond to experimentally determined monoisotopic
masses of sodium adducts of present mannooligosaccharides and methyl
mannooligosides. The theoretical monoisotopic sodium adduct masses of

the course of the reactions. Both 7¥rManSA and AnMan5C
show a maximum DA at 1 h. However, the DA beyond 1 h
was almost constant for 7rMan5A and 7rMan5A-R171K
while it dropped distinctly (> 10-fold) for AnMan5C, possibly
indicating secondary hydrolysis of the alcoholysis products.

Alcoholysis with M, and 1-hexanol

In order to screen and evaluate alcoholysis capacity with a
longer-chain alcohol, 2 uM of each of the three enzymes
was incubated with 5 mM My and 25% (v/v) 1-hexanol for
up to 4 h. Alcoholysis products (hexyl mannooligosides) and
oligosaccharides were detected with MALDI-TOF MS, and
DA was calculated in the same way as with methanol above
according to Eq. (1). The dominating alcoholysis products
were of the same mannooligoside DP as those obtained from
alcoholysis with methanol, with 7¥Man5A producing mainly
hexyl mannobioside (hexyl-M,) and some hexyl
mannotrioside (hexyl-Ms) (Fig. S2), 7rMan5A-R171K main-
ly hexyl-M; and some hexyl-M,, and AnMan5C exclusively
hexyl-M,. Oligosaccharides with DP 5-9 were again detected

Table 1 Degree of alcoholysis products (DA) (average of three
MALDI-TOF MS spectra + standard deviation) after 1 h of incubation
with 5 mM My, 25% (v/v) methanol or 1-hexanol, and 2 uM of 7rMan5A,
TrMan5A-R171K, or AnMan5C

Enzyme DA (methanol) DA (1-hexanol)
TrMan5SA 0.33 +0.04 0.026 + 0.003
TrMan5A-R171K 0.43 +£0.01 0.010 + 0.001
AnMan5C 0.42 +0.01 0.004 + 0.001

DA values were calculated from MALDI-TOF MS peak areas according
to Eq. (1)

these compounds are as follows: My, 203.05; M, 365.11; M3, 527.16;
My, 689.21; methyl-M,, 217.07; methyl-M,, 379.12; and methyl-M;,
541.17

in minor amounts (<2% of total product MALDI-TOF MS
peak area) with 7rMan5A and AnMan5C but not with
TrMan5A-R171K. However, the DA values for all three en-
zymes were significantly lower than corresponding values for
methyl mannooligosides produced by the same enzymes
(Table 1). After 1 h of incubation, 7#Man5A had the highest
DA followed by 7rMan5A-R171K and AnMan5C (Table 1).
Again AnMan5C showed a drop in DA (> 10-fold) over 4 h of
incubation, while 7*Man5A and 7rMan5A-R171K had al-
most stable DA values. On the basis of having the highest
initial DA with 1-hexanol among the assayed enzymes,
TrMan5A was chosen for further studies of alcoholysis with
1-hexanol.

Next, in order to optimize reaction conditions, the effect of
varying 7rMan5A concentrations on DA was studied, using
5 mM M, and 25% (v/v) 1-hexanol. Here, a lower enzyme
concentration (0.2 pM) resulted in a higher DA compared to
higher enzyme loads after 1 h (Fig. 3) where significant
amounts of M, remained. The DA increased up to 1 h with
0.2 uM TrMan5A with a slight increase in DA over time
during the course of the reaction, and the highest DA was
observed after 4 h of incubation (Fig. 3). A slight decrease
in DA was observed with the highest 7rMan5A concentration
(4 uM) with increased incubation time, which could poten-
tially be a result of secondary hydrolysis (Fig. 3). 7rMan5A at
a concentration of 0.2 pM resulted in the highest DA after 1 h
and a stable DA with increasing incubation time, and this
TrMan5A concentration was therefore used in subsequent
reactions.

Further optimization of reaction conditions was performed
by varying the concentration of the donor substrate, M.
HPAEC-PAD quantification of the apparent rate of M4 degra-
dation was used in combination with DA values calculated
from MALDI-TOF MS peak areas (Eq. (1)) in order to
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estimate hexyl mannooligoside product yields with 5, 25, or
50 mM My. The use of 5 mM M, resulted in substrate deple-
tion after 1 h, whereas the reaction continued with the higher
concentrations. After 4 h of incubation, the reactions with 5
and 25 mM M, had similar DA values, but a higher rate of My
conversion was observed with 25 mM M, (Table 2). This
suggests a higher hexyl mannooligoside yield with 25 mM
My. The DA was lower with 50 mM My, possibly as a result
of increased transglycosylation with saccharides as acceptors
as indicated by higher MALDI-TOF MS detection of oligo-
saccharides with DP 5-9. After 4 h of incubation, saccharides
with DP >4 represented 1.4, 8.6, and 15% of total product
peak area with 5, 25, and 50 mM My, respectively. Also, with
25 and 50 mM My, substantial amounts of M, remained after
4 h, indicating the possibility of higher hexyl mannooligoside
production if the reaction would be prolonged. Therefore, an
extended reaction time of 8 h with 25 mM M, was analyzed,
and the reaction followed the same profile as the 4-h reaction,
while the DA increased further as My was fully consumed
(Table 2). Based on these results, an My concentration of
25 mM and a reaction time of up to 8 h were selected for

Table 2 Rates of mannotetraose (M) consumption and degree of
alcoholysis products (DA) (average +deviation between duplicate
samples) at 1 and 4 h for alcoholysis reactions with 0.2 M 7rMan5SA,

T T T T

2
Reaction time (h)

reaction scale-up as well as HPLC separation and quantifica-
tion of hexyl mannooligosides (see the next section).

Purification and quantification of hexyl
mannooligosides

Reversed-phase (C;g) HPLC with hexyl (3-p-maltoside as
standard was used to analyze reaction mixtures with 0.2 uM
TrMan5A, 25 mM My, and 25% (v/v) 1-hexanol to more ac-
curately separate and quantify hexyl mannooligosides pro-
duced by alcoholysis with 7rMan5A. Analytical separation of
hexyl-M, and hexyl-M; was obtained with HPLC as con-
firmed with MALDI-TOF MS peak mass identification (m/z
values of 449.14 and 611.18 for hexyl-M, and hexyl-M3, re-
spectively) (Fig. 4). Retaining (3-mannanases are unequivo-
cally expected to yield transglycosylation products (in this
case, hexyl mannooligosides) with the same (3-anomeric con-
figuration as the donor substrate (Harjunpdé et al. 1995;
Sinnott 1990). Thus, the expected 3-configured structures of
the synthesized hexyl-M, and hexyl-M; are shown in Fig. 5.
When the M, was fully consumed after 8 h of incubation (DA

25% (v/v) 1-hexanol, and 5, 25, or 50 mM M. The lack of rate at 4 h with
5 mM M, is due to the My being consumed after 1 h

[M4] (mM) M, rate at 1 M, rate at 4 DAatlh DAat4h DAat8 h
h (tM/min) h (uM/min)
5 95 +4.7 - 0.051+0.016 0.043 £ 0.010 -
25 123 +52 66+10 0.022 £0.005 0.040 + 0.002 0.059 +0.009
50 120 + 84 60+44 - 0.021 + 0.006 b

Twenty-five millimolars of M, was selected for prolonged (8-h) reaction (rightmost column)

“M, consumed
® Reaction not carried out

©No hexyl mannosides detected
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value 0.059, Table 2), the concentration of the dominant
alcoholysis product (hexyl-M,) was 0.48 mM, corresponding
to a yield of 1.9% based on the initial M4 concentration.

Based on the M, and hexyl-M, concentrations after 2 h of
incubation (8.1 and 0.13 mM, respectively), the rx/ry was
calculated according to Eq. (2), reflecting the competition be-
tween alcohol and water in attacking the covalent intermedi-
ate. Under these conditions (i.e., 0.2 uM 7rMan5A and
25 mM M,), the ra/ry of TrMan5A with 1-hexanol (25% (v/
v)) was 0.033, corresponding to a theoretical alcoholysis prod-
uct yield of 3.2% (Eq. (3)). Since the experimentally deter-
mined yield was 1.9%, the difference could possibly be the
result of secondary hydrolysis (van Rantwijk et al. 1999).
Although DA remained stable during prolonged incubations
at lower M, concentrations (Fig. 3), it is possible that second-
ary hydrolysis might become more prominent at higher My
concentrations, assuming that hexyl mannooligosides would
then be produced in higher amounts. With the assumption that
the reaction occurs in the water phase (1-hexanol concentra-
tion 5.9 g/L or 58 mM), the enzyme’s S, for 1-hexanol was
calculated (Eq. (4)). S, describes the relative preference of an
enzyme for an acceptor over water on an equimolar basis. In
this case, S, was calculated to be 31, indicating a strong pref-
erence of the 7rMan5A-catalyzed reaction for 1-hexanol over
water at the reaction conditions used. This is higher than S,
values for 1-hexanol in the range of 0.5-9 which have been
observed with some other GHs (Adlercreutz 2017; Hansson
and Adlercreutz 2001; Lundemo et al. 2017), but slightly low-
er than the S, of 58 for 1-hexanol observed with the
Thermotoga neapolitana 3-glucosidase BgI3B (Turner et al.
2007).

Preparative synthesis and purification

In order to produce sufficient amounts of the identified hexyl
mannooligosides for characterization, the reaction was scaled

Retention time (min)

up. Here, a polymeric substrate, the linear INM polysaccha-
ride, was used to obtain the donor saccharides. INM was pre-
hydrolyzed into soluble mannooligosaccharides by
PaMan26A (Couturier et al. 2013), with My being the main
oligosaccharide produced as analyzed with HPAEC-PAD
(Table S1). Using this as donor substrate for alcoholysis with
1-hexanol, 7rManSA produced 0.16 mM hexyl-M, and
0.094 mM hexyl-Mj; in an 8-h reaction. Here, the yield of
the major alcoholysis product, hexyl-M,, was 0.6% based on
initial M, concentration. With preparative reversed-phase
(Cyg) HPLC purification, a mixture consisting of 1.3 mg
hexyl-M, and 1.1 mg hexyl-M3 was obtained as a lyophilized
powder.

Structural characterization of hexyl mannooligosides

After having synthesized and purified a mixture of hexyl-M,
and hexyl-Mj, their structures were characterized. First, they
were analyzed with MALDI-TOF MS, and peaks correspond-
ing to the masses of hexyl-M, and hexyl-M; were fragmented
with MALDI-TOF/TOF tandem MS. The observed fragmen-
tation masses were consistent with those expected from the
predicted structures (Fig. 5). Hexyl-M, fragmented into M, (—
H,0) and hexyl-M;, while hexyl-Mj; also fragmented into M3

HO.
HO% "
HO o%
He On M
HO.
HO% o
Ho 0% o
HO. o%
HO.

O CHs
Fig. 5 The predicted structure of hexyl (3-pD-mannobioside (top) and
hexyl 3-pD-mannotrioside (bottom)
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(-H,0) and hexyl-M, in addition to the above two fragments
(Fig. S3).

To obtain more detailed structural information, the hexyl
mannooligoside mixture was analyzed with NMR. In 'H spec-
tra collected at 10 °C, chemical shifts corresponding to
anomeric protons (H-1) of three mannosyl units were ob-
served at 4.67, 4.72, and 4.75 ppm and C-2 protons (H-2) at
4.0-4.2 ppm (Fig. 6). The chemical shifts at 4.72 and
4.75 ppm are in good agreement with H-1 shifts in terminal
and internal f-mannosyl units reported for f-
mannooligosaccharides previously (Harjunpii et al. 1995).
Furthermore, with edited HSQC, the protons on the carbon
of the hexyl -CH, group adjacent to an oxygen atom can also
be identified (Fig. S4). The carbon on this -CH, group was
observed to be coupled to the anomeric proton at 4.67 ppm in
HMBC spectra, thus confirming bonding of the hexyl to that
anomeric position (Fig. S4). No other chemical shift of
anomeric protons showed such a correlation, and our conclu-
sion is that both mannobiosides and mannotriosides in the
sample have their anomeric proton chemical shift at 4.67 ppm.

Additionally, with "H NMR at 25 °C, a coupling constant
between H-1 and H-2 (J; ») of 0.8 Hz was observed based on
H-2 peak splitting on the hexyl-substituted mannosyl units
(Fig. S5), which is consistent with previously reported J; »
values of ~1 Hz for 3-mannosyl H-1s (Harjunpii et al.
1995; Lundqvist et al. 2002). We also observed a coupling
constant between H-2 and H-3 (J,3) of 3.1 Hz (Fig. S5).

Since internal (3-mannosyl units coupled to an adjacent
mannosyl are only present in hexyl-Ms, whereas terminal 3-
mannosyl units exist in both hexyl-M, and hexyl-M3, the peak
integral ratio of internal H-1 at 4.75 ppm to that of terminal
H-1 at 4.72 ppm gives the fraction of hexyl mannooligosides
that are hexyl-Ms. In the "H NMR spectrum (Fig. 6), the ratio
is 38:86. From this ratio, the amounts of hexyl-M, and
hexyl-Mj; were determined to be 0.43 and 0.47 mg,

respectively, using hexyl CH, quantification based on refer-
ence samples of hexyl-3-p-maltoside. The same sample was
also quantified with HPLC using hexyl-(3-D-maltoside as stan-
dard, with the amounts of hexyl-M, and hexyl-M; determined
to be 0.57 and 0.48 mg, respectively.

Determination of critical micelle concentration

To evaluate the surfactant properties of the purified hexyl
mannooligosides, the critical micelle concentration (CMC)
of the hexyl mannooligoside mixture was determined by
means of surface tension measurements at different surfactant
concentrations. The CMC was estimated from the breakpoint
in the surface tension versus surfactant concentration curve
(Dominguez et al. 1997). The hexyl mannooligoside surface
tension curve indicates two breakpoints around 44 g/L
(90 mM) and 72 g/L (147 mM) (Fig. 7), suggesting that the
CMCs for the individual hexyl mannooligosides (hexyl-M,
and hexyl-M3;) are in this region. For reference, surface ten-
sion measurements were also conducted with hexyl-(3-p-glu-
coside and hexyl-{3-p-maltoside individually and in mixtures
with a molar ratio of 0.53:1. The results with two breakpoints
at26 g/L (82 mM) and 62 g/L (194 mM) in the surface tension
curve of the reference mixture show the same trend as for the
hexyl mannooligoside mixture (Fig. S6). The two breakpoints
correspond to the CMCs of hexyl-B-p-glucoside (29 g/L or
110 mM) and hexyl-f3-p-maltoside (59 g/L or 137 mM) de-
termined separately (Fig. S6).

Discussion
The study and application of 3-mannanases is of fundamental

importance for the utilization and valorization of plant bio-
mass due to the high amounts of 3-mannan in prevalent

Fig. 6 'H NMR spectrum of the
synthesized hexyl
mannooligosides. Peaks
corresponding to anomeric
protons (H-1) and C-2 protons
(H-2) as well as protons on the f3,
v, 8, €, and ¢ carbons of the hexyl

chain (H-3, H-(y.8.¢), and H-()
are indicated within brackets.
Integral values for different peaks
relative to the H-f3 peak are
shown beneath the x-axis. The
insert shows an enlargement of
the region of the spectrum
containing the three H-1 shifts as
indicated with the dashed lines
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Fig. 7 Surface tension plot of the purified hexyl mannooligoside mixture

as determined with drop shape tensiometry, showing two breakpoints

around 44 g/L (90 mM) and 72 g/L (147 mM). All data points are

averages of at least two measurements. Error bars indicate standard
deviations

softwoods such as spruce (Lundqvist et al. 2002; Moreira and
Filho 2008; Yamabhai et al. 2016). The present study de-
scribes the first reported instance of (3-mannanase-catalyzed
synthesis of alkyl mannosides with surfactant properties and
opens up the possibility of using renewable (3-mannans for
enzymatic synthesis of surfactants. 1-Hexanol was used as
acceptor, and polymeric 3-mannan was used to prepare donor
saccharides (mainly M,). Previous studies have demonstrated
the alcoholytic capabilities of 3-mannanases with shorter-
chain primary alcohols such as methanol and 1-butanol
(Rosengren et al. 2012; Rosengren et al. 2014). Transfer with
1-hexanol as acceptor has been demonstrated with other GHs
such as -mannosidases (Itoh and Kamiyama 1995),
xylanases (Jiang et al. 2004), and 3-glucosidases (Lundemo
etal. 2013; Lundemo et al. 2014; Lundemo et al. 2017; Turner
et al. 2007).

In the current study, relative MALDI-TOF MS peak areas
of alcoholysis products and oligosaccharide products were
used to estimate DA, reflecting the fraction of alcoholysis
products formed in a reaction as explained in the “Materials
and methods” section. MALDI-TOF MS is a good screening
method for relative comparisons of enzymes and reaction con-
ditions, although additional methods are needed for absolute
quantification and the response cannot be expected to be the
same for different types of molecules due to potential ion
suppression in MALDI-TOF MS (Duncan et al. 2008).
Often thin-layer chromatography is used to make an initial
assessment of transglycosylation products (see, e.g., Jain
et al. 2014). In the present paper, we show that MALDI-
TOF MS analysis is an attractive alternative or a complemen-
tary screening method, which is at least as fast and gives
additional information on the mass of products and thus more
certain primary product identification.

In this study, the initial DA with 1-hexanol was significant-
ly lower than with methanol for all three enzymes included in

the present study, indicating that 1-hexanol is more difficult to
use as acceptor in alcoholysis compared to methanol. Several
other studies have demonstrated decreasing yields of alkyl
glycosides with increasing alkyl chain lengths, a contributing
factor being the low water solubility of longer-chain alcohols
(Ochs et al. 2011; Turner et al. 2007). The accessibility and
properties of the positive subsite region are another factor that
may influence transglycosylation reactions using acceptors
with longer alkyl chains (Durand et al. 2016; Ochs et al.
2013).

Enzyme comparison revealed differences in alcoholysis
capacity between the studied enzymes. With 1-hexanol,
TrMan5A had the highest DA of the three 3-mannanases
(Table 1). Acceptor affinity in positive subsites is known to
affect transglycosylation capacity (Rosengren et al. 2012;
Rosengren et al. 2014; Tran et al. 2014). The R171K substi-
tution in the +2 subsite of 7rMan5A has previously been
shown to eliminate transglycosylation with saccharides as ac-
ceptors but not alcoholysis with methanol (Rosengren et al.
2012). Therefore, it might be expected that the competing
reaction (with saccharides as acceptors) could be diminished.
It is interesting to note that a lower DA using 1-hexanol as
acceptor was observed with 7rMan5A-R171K compared to
TrMan5A (Table 1). However, further investigation would
be needed to elucidate if R171 would have any role in the
usage of 1-hexanol as acceptor. The + 1 subsite of AnMan5C
contains a tryptophan, W283, that appears to facilitate
transglycosylation with saccharides as acceptors (Dilokpimol
etal. 2011), but here, a positive contribution to the usage of 1-
hexanol as acceptor is unlikely since the DA was clearly low-
est among the tested enzymes. Based on the comparably high
DA for the wild-type 7rMan5A (Table 1) and its stability
during prolonged incubations (Fig. 3), this enzyme was select-
ed for further studies of hexyl mannooligoside synthesis.

Varying reaction conditions can also affect alcoholysis
product yields. In alcoholysis with 1-hexanol and 7*Man5A,
a lower enzyme concentration resulted in a moderate increase
in DA (Fig. 3). Enzyme concentration has previously been
shown to affect the observed ratio of hydrolysis products ver-
sus transglycosylation products, with a lower enzyme load
favoring transglycosylation products (Guo et al. 2016;
Manas et al. 2014), possibly due to increased secondary prod-
uct hydrolysis at higher enzyme loads. The slight decrease in
DA over time observed with the highest 7¥Man5A concentra-
tion used could possibly be the result of secondary hydrolysis
of hexyl mannooligosides (Fig. 3). The concentration of the
donor substrate (M4 in this case) also affected alcoholysis,
where a similar DA but a higher rate of M4 conversion was
observed with 25 mM M, compared to 5 mM (Table 2).
Twenty-five millimolars of My was therefore used in subse-
quent reactions. However, increasing the M, concentration
too much appears to reduce alcoholysis, since a lower DA
was observed with 50 mM M,. Since oligosaccharides with
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DP 5-9 were detected in the 50-mM reaction, this can possi-
bly be due to transglycosylation with saccharides as acceptors
competing with alcoholysis at higher M, concentrations, sim-
ilar to the observed effect of transglycosylation on hydrolysis
in, e.g., 3-glucosidases (Bohlin et al. 2013). Higher substrate
concentrations, in general, are expected to increase
transglycosylation (Sinnott 1990) as exemplified with, e.g., a
retaining GH5 (3-mannosidase (Dias et al. 2004). The R171K
substitution in the + 2 subsite of 7¥Man5A (Rosengren et al.
2012) may still be valuable at higher donor saccharide con-
centrations where oligosaccharide elongation would be more
effective (Biely et al. 1981; Sinnott 1990), in line with prod-
ucts of DP 5-9 being detected with 50 mM M, for 7rMan5A.

In the scaled-up reaction, a polymeric 3-mannan (INM)
was pre-hydrolyzed into mainly My by PaMan26A
(Couturier et al. 2013) and then used as donor substrate.
Using polymeric substrates for enzymatic synthesis represents
a step towards 3-mannan utilization in biorefineries
(Cherubini 2010). The lower yield of alcoholysis products
observed with the pre-hydrolyzed INM compared to reactions
with My could be partially due to the presence of lower
amounts of other oligosaccharides (M, and M) in the hydro-
lysate (Table S1), which might act as acceptors for
transglycosylation and thereby possibly compete with
alcoholysis as described above (Bohlin et al. 2013).

We successfully managed to purify (Fig. 4) and characterize
the synthesized hexyl mannooligosides. The expected struc-
tures, hexyl (3-mannobioside and hexyl (3-mannotrioside
(Fig. 5), are supported by the MALDI-TOF MS/MS (Fig. S3)
and NMR data (Fig. 6, Fig. S4-S5). The surfactant properties of
the purified hexyl mannooligosides were also determined by
tensiometry. Two breakpoints in the surface tension versus con-
centration curve were observed (Fig. 7), which suggests that the
solution is a mixture of two different types of surfactants with
different surface activities, in line with the concluded chemical
composition. This phenomenon has previously been observed
for mixtures of alkyl polyglucosides with different alkyl chain
lengths (Balzer and Luders 2000). Reference experiments with
hexyl-3-D-glucoside and hexyl-(3-pD-maltoside, with the same
alkyl chain length but different polar head groups, support this
observation (Fig. S6). The existence of a minimum around the
first breakpoint is consistent with the solubilization of the more
hydrophobic (or surface-active) surfactant in the micelles when
the total surfactant concentration increases (Lin et al. 1999).

In conclusion, (3-mannanase-catalyzed synthesis of hexyl
mannooligosides with surfactant properties has been demon-
strated for the first time, using the Trichoderma reesei GHS f3-
mannanase 7*Man5A. Hexyl mannooligosides were synthe-
sized from (3-mannan and 1-hexanol and purified using pre-
parative HPLC. Their surfactant properties were evaluated,
showing similar CMC values compared to commercially
available alternatives. Future studies could involve protein
engineering which is a strategy with potential to increase

@ Springer

transglycosylation rate and/or yield (Lundemo et al. 2013;
Lundemo et al. 2017). In some cases, subsite — 1 residues have
been substituted, shown to be an applicable route when using
activated (nitrophenyl) donor sugars and exo-glycosidases
(Bissaro et al. 2014; Teze et al. 2015; Teze et al. 2014).
When using natural non-activated donor sugars, as in the pres-
ent study, another approach would potentially be needed. For
{3-mannanases (Dilokpimol et al. 2011; Rosengren et al. 2012)
and other GHs (Armand et al. 2001; Feng et al. 2005), positive
subsites have been shown to be important for saccharide ac-
ceptor interactions and thus influence transglycosylation ca-
pacity. Assuming that acceptor interaction is important also
for longer-chain alcohols, the properties of these alcohols
would imply that introduction of hydrophobic residues within
positive subsites could be beneficial for efficient
transglycosylation (Durand et al. 2016). Hydrophobic resi-
dues may also, in certain cases, reduce water accessibility
and lower hydrolysis (Kuriki et al. 1996). Future work with
f3-mannanases and long-chain acceptors could involve identi-
fication of further positive subsite residues as targets for pro-
tein engineering.
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