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A mia madre e mio padre
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same source and complement each other through the satisfaction
they bestow”

Albert Einstein

ABSTRACT
Covalent bonds between lignin and carbohydrates, forming a matrix referred to as
lignin carbohydrate complexes (LCC), remain one of the most controversial topics
in wood chemistry. A key issue is whether they are formed during chemical and
mechanical pretreatments of the compact wood structure or actually present in
wood prior to isolation. A fundamental understanding of their origin and reactivity
is vital to unravel their role in wood formation and recalcitrance. Recalcitrance,
specifically, has affected the successful development of effective and clean
fractionation of wood polymers.
To address the above-mentioned concerns, we have developed a novel mild
universal and quantitative fractionation protocol of LCC that, when combined
with robust spectroscopic analytical tools, including a variety of NMR techniques,
GC MS and SEC, reveals deeper insights into the molecular structure of LCC.
This method was applied to both hardwood and softwood LCCs and revealed
interesting findings on molecular-level regulatory mechanism for lignin
carbohydrate (LC) bond formation such as the role of acetylation in
hemicelluloses. Moreover, the role of LC bonds on recalcitrance during subcritical
water extraction was unveiled.
Bio-mimicking in vitro lignin polymerization was adopted to investigate whether
LC bonds are native or formed during isolation from wood. For the first time,
direct evidence lending support that they are formed in wood cells was
demonstrated, thus corroborating the mechanisms suggested in the literature.
Furthermore, based on the overall LCC study, we suggest a sequence for how LC
bonds may form in vitro.
Finally, of special interest to material science, the unveiled LC bond formation
mechanism inspired a green, biomimetic, one-pot synthesis of functionalized
lignin

starting

from

monomeric

components.

Excellent

selectivity

of

functionalization is reported and production of lignin-based recyclable materials,
based on the premise of this functionalization philosophy, is discussed.

SAMMANFATTNING
Existensen av kovalenta bindningar mellan lignin och kolhydrater, som bildar en
matris som kallas ligninkolhydratkomplex (LCC), förblir ett av de mest kontroversiella
ämnena inom träkemi. En viktig fråga är om de bildas under isolering eller faktiskt
finns närvarande i trä före isolering (där isolering innefattar kemiska och mekaniska
förbehandlingar av den kompakta trästrukturen). Djupare insikter om deras ursprung
och reaktivitet är avgörande för att utröna deras roll i träbildning och deras bidrag till
extraktionssvårighet. Lignins bidrag till extraktionssvårighet är av särskilt intresse, då
den länge hämmat den framgångsrika utvecklingen av effektiv och ren fraktionering av
träpolymerer.
För att ta itu med ovan nämnda problem har vi utvecklat ett nytt, milt, universellt och
kvantitativt fraktioneringsprotokoll av LCC som i kombination med robusta
spektroskopiska analysverktyg (vilka innefattar ett flertal NMR-tekniker samt GC MS
och SEC) ger djupare insikt om LCCs molekylära struktur. Detta protokoll
applicerades på både barr- och lövved och ledde till intressanta upptäckter beträffande
de molekylära regler-mekanismerna för bildandet av lignin-kolhydrat-bindningar (LC).
Dessa upptäckter berörde även vikten av hemicellulosors acetylering. Vidare
presenterades hur LC-bindningar bidrar till extractionssvårighet under subkritisk
vattenutvinning.
Biomimetisk in vitro-ligninpolymerisation användes för att vidare undersöka huruvida
LC-bindningar finns närvarande innan isolering av trä eller bildas under denna. I denna
avhandling har för första gången direkta bevis till stöd för att de bildas nativt i träceller
presenterats. Detta korroborerar tidigare mekanismer som föreslagits i litteraturen.
Vidare erhölls djupare insikter på molekylär nivå för att föreslår en sekvens för hur
LC-bindningar bildas in vitro.
Slutligen, av särskilt intresse för materialvetenskap, inspirerade den framtagna LCbindningsmedelsmekanismen en grön, biomimetisk enstegssyntes av funktionaliserat
lignin utgående från monomera komponenter. Utmärkt funktionaliseringsselektivitet
uppvisades och en produktion av ligninbaserade återvinningsbara material baserade på
denna funktionaliseringsfilosofi diskuteras.
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Introduction

1. Introduction
The elevated production of greenhouse gas emissions as a result of increased
world population and standard of living has highly contributed to global
warming.1
Over the past 40 years, emissions related to human activity have increased the
CO2 concentration by over 25% with consequent increase of global average
temperature of almost 1 °C.2 At this rate, greenhouse effect will soon have a
dramatic impact on the Earth's climate. This is a real threat for the growth and
prosperity of the society as well as our everyday life. Depleting stocks of fossil
non-renewable reserves set necessities for alternative sources to meet the
consumption demands.
Therefore, affordable, scalable and feasible solutions are attractive for more
environmentally-friendly and sustainable economies.
Replacing fossil based sources with carbon-neutral renewable resources, like
biomass, is a key objective in long-term climate goals.
Bio-based economies, therefore, offer sustainable solutions. The conversion of
biological raw materials into energy, biomaterials and added value chemicals is
the driving force of a biorefinery. Separating and modifying the biomass
components to obtain a spectrum of valuable products is a promising and plausible
approach to switch towards a bio-based, and greener society.
In this context, among all biomass, wood is an interesting candidate as it does not
compete with food production. Herein, there is potential for production of
renewable materials, polymers, fuels and chemicals from wood polymers.3,4
In the broader context, this thesis work envisions the use of wood polymers
through providing useful fundamental insight on how to obtain and utilize some of
these components.
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1.1 Wood Composition
Wood is a highly hierarchical natural and fibrous composite biological material
built up by several layers of living and dead cells consisting mainly of cellulose,
hemicelluloses and lignin, acting together to serve the needs of a living plant.
The proportions and the chemical composition of these main components vary
along and across the tree and from primitive softwood conifers to more evolved
hardwood species.
Cellulose is the most abundant natural polymer and its content in wood is typically
40-45% of the dry substance. It is a crystalline, linear homopolymer consisting of
β-D-glucopyranoside anhydrous residues linked together by (1-4)-glycosidic
bonds with a degree of polymerization (DP) of around 10000.5 The forces leading
to supramolecular assembly of cellulose chains in wood are still a topic of debate.
Hemicelluloses are amorphous and relatively short chains (DP ≈ 200) of branched
hetero polysaccharides composed both of hexoses and pentoses.
In softwood, (galacto)glucomannans (GGM) dominate (20% of the dry material)
with smaller percentage of arabinoglucuronoxylan. An important structural feature
of (galacto)glucomannans is the presence of acetyl groups on the C2 and C3
positions on the average of one group every 3-5 hexoses.5,6,7,8
Glucuronoxylan is the main hemicellulose in hardwoods with content that varies
between 15 and 30% of the dry wood, upon species. Likewise in softwood, C2 and
C3 are partially O-acetyl groups; furthermore, xylose also carries a (1-2)-linked 4O-methyl-α-D glucuronic acid group (4OMGA) with a degree of substitution
between 3 and 10 for each xylose unit.
Few percentages of glucomannan (2-5%) are also present.6,7,8,9
Mainly located in the primary cell wall and the middle lamella, pectic
polysaccharides consist mainly of galacturonan (methylated -D-galactopyranosyl
acid) and rhanmogalacturonan carrying short side chain of neutral sugars like

2

Introduction

galactose and arabinose. The amount of pectin in wood accounts for only a few
percent but it is thought to play an important role in the adhesion between cells.10
Lignin is the third most common biopolymer on Earth and is the largest renewable
source

of aromatics.

It

is an amorphous

hydroxyphenylpropanoid units
sinapyl alcohol.

11

polymer

built up

by 4-

which are primarily coumaryl, coniferyl and

12,13

Softwood lignin is dominated by guaiacyl structures (G). In hardwood, lignin
structure consists mainly of both guaiacyl (G) and syringyl (S) units, with the
latter dominant. Para-hydroxyphenyl units (H) are also present in trace amount in
wood. These structures are presented in Appendix 1.
Typically, more than two thirds of the linkages in lignin are ether bonds. However,
a variety of carbon-carbon inter-unit commonly referred to as “condensed”
linkages are also present. The most common inter-unit linkage in lignin is
linkage; it accounts for at least half of all inter monolignol bonds.14
Other common inter-unit linkages are resinol, phenyl coumaran, dibenzodioxin
and spirodienone structures.15,16

1.2 On Lignin Carbohydrates Complexes
In the biorefinery context, the fractionation of lignocellulosic material, into its
constitutional polymers in high yield with preserved physical and chemical
properties, attracts a lot of interest in order to use such raw materials for
polymer/material synthesis.
In order to do this, gaining insights not only on chemical structure and
ultrastructure of wood biopolymers but also about the interactions between them
in native form, is crucial.
One issue against clean fractionation of wood polymers is suggested to be the
presence of lignin carbohydrate bonds (native or formed). These are normally
called lignin carbohydrate complex (LCC). LCC has also been one of the key

3

Introduction

suspects of recalcitrance in biomass fractionation. This network affects markedly
accessibility properties and the reactivity of wood during its processing.17,18
Three main types of lignin carbohydrate bonds are suggested in the literature,
namely, phenyl glycosides (PG)19,20,21,22,23 benzyl ethers (BE)24,25,26,27,28 and esters (GE)23,29,30,31,32,33 (Figure 1).
Proposed mechanisms for the formation of benzyl ethers and -ester in plant cells
are discussed in the literature,13,34 but definite experimental evidences are still
lacking.
The phenyl glycoside formation mechanism, on the other hand, is less known and
requires further investigations to validate its presence.

Figure 1: Suggested structures of lignin carbohydrates (LC) bonds where the aromatic
structure of lignin is shown in blue while the linkage unit of carbohydrate in red.

Inaccessibility in the compact and hierarchical structure of wood introduces the
necessity to isolate LCCs at rather harsh conditions, prior to analysis.
Accordingly, a valid scientific question is whether lignin carbohydrates (LC)
bonds are native or formed.
Our strategy aimed to tackle characterization issues will be discussed in section
3.1.
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1.2.1

Analytical technique of LCCs: overview and
challenges

Alternative analyses of LC bonds are by either selectively protecting them
chemically or selectively tailoring the cleavage in order to analyze the functional
groups created after cleavage. Such analyses have been assumed to be consistent
and free of artifacts but selectivity could be questionable.

1.2.1.1 Indirect evidences of LCCs existence
Some of the indirect degradative analytical methods for LC bonds include
selective hydrolysis of the benzyl ether bonds in acid condition25,33 and
saponification of  ester linkages in alkali.31,32,33,35 Formation of new hydroxyl and
carboxylic groups, respectively, can be detected by nuclear magnetic resonance
spectroscopy (NMR) and supported by size-exclusion chromatography (SEC) of
the hydrolyzed molecules.31
For phenyl glycoside linkages, Smith degradation36 followed by acid hydrolysis
has been applied successfully on LCCs substrate.27,33 By this procedure, glycosidic
bonds in the carbohydrate are converted into more acid labile acyclic acetal bonds
with the target to keep intact the bond between the sugar and lignin as a proof
phenyl glycoside's existence.
Permethylation is a well-known analytical protocol adopted to study the linkage
pattern in carbohydrates37,38 and to detect methyl ester of uronic acid which will be
otherwise degraded in harsh acidic condition. Moreover, this method has been
efficient to detect LC ether bonds both in pulps39 and wood.40,41 However, the
procedure is tedious,

involving several steps starting with permethylation

followed by mild acid hydrolysis of glycosidic bonds. Next, reduction with
labelled borodeuteride avoids mutarotation of the monosugars and marks the
reducing end. Finally, acetylation of the new hydroxyl group formed upon
cleavage increases the volatility of the analyte which is needed since the linkage
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analysis is performed by gas chromatography followed by flame ionization
detector (GC FID) and/or mass spectrometry (GC MS).
Indirect elucidations on the binding sites between lignin and carbohydrates
evaluating both sides, were obtained, for the first time, when acetylated celluloserich LCC fragments were subjected to selective oxidation of benzylic (α-) ether28
and ester-30 bonds to α carbonyls with 2,3 dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ). The new carbonyl groups formed were quantified by 13C NMR while the
DDQ-oxidized polysaccharide fraction, carrying a new hydroxyl group, was
methylated by Prehm procedure38 and analyzed with GC MS.
Some years later, clear evidence for the presence of benzylic LC ethers both in
pulps and native wood were obtained. In the method, ozone treatment selectively
degraded the lignin, and subsequent acid hydrolysis dissolved it, while the LC
ethers remained stable.42
Enzymatic treatments such as laccase43 and glycosidase44,45 have been combined
with SEC studies as an indicator of LC linkages. Using a dual detector system,
consisting of a differential refractive index (RI) and ultraviolet (UV), the shift of
the co-elution patterns of carbohydrates (detected by RI) and lignin (detected by
both detectors) imply a linkage between them.

1.2.2

Analytical toolbox for LC bonds and lignin
structure

In the present study, several complementary techniques were applied to gain
deeper insights on molecular structure of LCC and changes during processing
(Figure 2). For this purpose, liquid state NMR is by far the most effective
tool46,47,48,49,50,51 since it is a direct spectroscopic method which allows to analyze
soluble substrates.
By heteronuclear single quantum coherence spectroscopy (HSQC) NMR it is
possible to decipher simultaneously structural details of lignin skeleton,52,53,54 LC
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bonds34,46,47,48,49,50 and carbohydrates structure9,55 The

13

C/1H correlation of inter-

monolignol linkages were assigned according to previous work.46,47,48,49,50,52,53,54
Complementary degradation techniques such as thioacidolysis56 or derivatization
for reductive cleavage (DFRC)57 are required to detect structures such as 5-5 units
which are not in dibenzodioxin structures and 4-O-5 units. Both these
complementary methods are, however, not quantitative because of incomplete
degradation.
In case of thioacidolysis, the ethyl thiolated side chain products need to be reduced
by desulphurization with RANEY® before being analyzed by GC MS or GC FID
after acetylation58,59 as well as by 31P NMR spectroscopy.60
31

P NMR spectroscopy is the most powerful analytical tools to determine an

overall distribution of functional groups (aliphatic, phenolic and carboxylic)
present in a lignin sample60 or directly on LCCs substrates. 61 Using a
phosphitylation reagent, it is possible to particularly quantify the carboxylic
groups, condensed/non-condensed guaiacyl, phenolic syringyl as well as primary
and secondary aliphatic hydroxyl functionalities.
Diagnostic NMR techniques such as total correlation spectroscopy (TOCSY) and
heteronuclear multiple bond correlation (HMBC) complete the package to provide
evidence for the HSQC assignments.
Last but not least, SEC has been used qualitatively as an indirect and nondestructive

method

carbohydrates.

62,63

to

predict

possible

linkages

between

lignin

and

When UV and RI detectors show identical traces, then

carbohydrates and lignin must either have the same hydrodynamic volume or else
be covalently bound.
All in all, the aforementioned techniques in this section provide a summary of the
analytical tool box we applied for detailed lignin and LCCs structural studies as
shown in Figure 2.
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Figure 2: Summary of analytical toolbox developed and applied for lignin and LCCs
characterization.

1.2.3

History of “native” LCCs and their reactivity

It was in 1866 when Erdmann first hypothesized the presence of covalent bonds
between lignin and carbohydrates in the “glycolignose” wood since he could
observe that it was difficult to separate the two components. 64 This was
substantiated later on by a number of indirect proofs which included identification
of a suspected lignin-polyuronide linkage.65,66 One year later, interpretations of
low yield of clean and soluble “Brauns native lignin” were reasoned that the rest
was linked to carbohydrates;67 moreover, in the work of Traynard68 suspected
linkages between pentosans and lignin were suggested to survive different acidic
pH. It was in 1956 when Björkman developed a method for isolating milled wood
lignin (MWL)69 when the term “lignin-carbohydrate complexes” (LCC) was born
accounting for the 20% of the wood lignin content and termed Björkman LCC.
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Relatively recent proofs of existence of LCC in milled wood,70 specifically
between lignin and pectins,71,72,73 xylans74,33 and glucomannans75 seemed to show
that the linkages are more likely to be towards hemicellulose rather than cellulose
due to higher reactivity and physical contact of the former towards lignin.
Nowadays, increasing activity in biorefinery concepts have evoked new interest in
studying the presence of LC bonds and their role in recalcitrance.

1.3 Aim of the study
As discussed above, the existence of LCCs in wood remains a subject of debate.
Native or formed during extraction, their presence is of importance in the material
biorefinery context which relies on the challenging task of clean fractionation of
the wood polymers for further valorization.
Fundamental knowledge on the origin of LCCs, mechanisms of formation and role
in recalcitrant wood fractionation are therefore essential for development of
effective technical fractionation processes. Furthermore, what we learn from
mechanisms of LCCs formation could be inspiring to material science.
The aim of this work has therefore been the following:


Developing a universal and mild method for quantitatively isolating
LCCs from native wood. (Section 3.1).



Gaining deeper insights on the mechanisms of LCCs formation and
investigating if they are native (Section 3.2).



Investigating the detailed structural features of LCCs including both
lignin and carbohydrate skeletons (Section 3.3).



Understanding the role of LCCs in recalcitrance during sub-critical water
extraction of hemicelluloses (Section 3.4).



Investigating if LC bond formation mechanisms could find applications
in material science (Section 3.6).
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2. Materials and Methods
Materials
All chemicals used were of analytical grade and purchased from Sigma Aldrich.
Millipore solvent resistant stirred cell (76 mm) for ultrafiltration with 1 kDa
regenerated cellulose filter was purchased by TermoFisher Scientific (USA).
Centrifugation was carried out on a Beck-man Coulter Avanti J-E equipped with
JLA 10.5 and JA 25.5 rotors.

Wood mill preparation
Wiley milled wood particles (40 mesh) obtained with a Wiley Mini Mill 3383-L70
from Thomas Scientific, were extracted in a Soxhlet with acetone for 16 hours to
remove extractives.
The extractive-free wood meal was dried overnight in a hood and milled according
to previous work63 using a Retsch planetary ball mill of type PM400.
Two stainless steel jars of a nominal volume of 500 ml were loaded with 40 g each
of sample. Then, 100 stainless steel bearings of a diameter of 10 mm were added
to each jar.
The milling was performed at room temperature at 300 rpm for 24 hours.

LCCs fractionation
Firstly, a 10% deionized water solution of extractive free ball milled wood (pH ≈
4.5) was prepared and stirred at 80 °C for 4 hours.
Centrifugation (6300 rpm, 20 min) was done to separate the liquid fraction
(Solution 1 in Paper I and Paper II, E1 in Paper IV) from residue 1.
A schematic representation of the subsequent fractionation protocol described is
shown in Figure 3.
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The solution was passed twice through polyaromatic resin (Amberlite® XAD-4,
20-60 mesh) and the permeate (Fraction 1-F1) was separated from the retentate
(Fraction 2-F2).
The latter fraction was extracted and regenerated from the resin with methanol.
The resin cycle was repeated three times (Paper I and Paper II).
Water extracted residue was dried overnight in the hood after addition of small
amount of acetone and weighed.
An amount of 1-allyl-3-methylimidazolium chloride [Amim]Cl was then added
(2:1, wt[Amim]Cl/wtsubstrate) and the mixture obtained was left under stirring at 70 °C
for 2 hours. After addition of the same weight of DMSO relative to [Amim]Cl, the
solution was kept in same condition for another 2 hours. Finally, 75 ml of DMSO
was added and the solution was left overnight, under gentle stirring, at 70 °C when
complete dissolution was achieved.
After cooling, deionized water was added (80:20,vDMSO/vwater) and the obtained
precipitate (Fraction 3-F3 or Precipitate 1-P1) was separated by centrifugation,
washed with an equal volume of water and centrifuged again.
The supernatant was collected and added to the original solution while the residue
was washed twice and then freeze dried.
To the diluted solution (approximately 50% of DMSO), three times its volume of
absolute ethanol was added and left to stand overnight at 4 °C. The precipitated
(Fraction 4-F4 or Precipitate 2-P2) was separated by centrifugation, dialyzed and
freeze dried.
Finally, to the remaining solution, twice its volume of water was added and a
precipitate (Fraction 5-F5 or Precipitate 3-P3) was obtained and treated in a
similar way to fraction 4.
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Figure 3: Fractionation scheme for lignin carbohydrate complexes (LCCs).

Carbohydrate analysis
Carbohydrate composition of the lyophilized fractions was determined after acid
hydrolysis.76
Briefly, 3 ml of 72% sulphuric acid was added to 200 mg of LCC substrates in a
100 ml teflon-lid glass bottle. The mixture was evacuated for 80 minutes in a
desiccator, with occasional stirring. After further addition of 84 ml of Milli-Q
water, the bottle was sealed and left in an autoclave for 60 minutes at 125 °C.
Finally, the mixture was filtered by vacuum through glass fiber filter.
Monosaccharide content of the hydrolysate was analyzed with high-performance
anion-exchange chromatography (HPAEC) equipped with a pulsed amperometric
detector (PAD) using CarboPac PA-1 column (4 x 250 mm) according to previous
work.77
The system was equilibrated for 7 minutes with 260 mM NaOH and 170 mM
sodium acetate followed by Milli-Q water for 6 min. Only Milli-Q water was used
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as eluent at a flow rate of 1 ml/min. A solution of 300 mM NaOH was added to
the column effluent before the PAD cell at a flow rate of 0.5 ml/min.
Data were processed with the Chromeleon 7.1 software. Anhydro correction of
0.90 and 0.88 were used for hexoses and pentoses, respectively.

Uronic acid determination
In paper I and II, the content of uronic acids was determined according to
literature by GC FID.78 The procedure involves methanolysis in which 5 mg of
LCCs were heated at 80 °C for 16 hours in 1.2 ml of 2.6 M HCl in dry methanol.
After cooling, the samples were concentrated under N2 and acetylated according to
Gellerstedt (see “Acetylation of lignin samples”).79
Galacturonic- and glucuronic acid were quantified using the same detector
response factor of 0.65978 and using erythritol as internal standard. GC FID was
performed using Agilent 7890B Gas Chromatograph instrument equipped with a
split/splitless injector. The column used was Agilent J&W HP-5 (30 m, 320 mm
I.D., 0.25 mm thickness).
In paper III, IV and V, the monosaccharide composition of the fractions as well as
polygalacturonic acid and 4-O-methyl glucuronic acid (4OMGA) content was
determined by acidic methanolysis followed by HPAEC/PAD.80,81,82
Shortly, an amount of 1 mg of freeze-dried sample was incubated with 1 mL of 2
M HCl in dry methanol at 100 °C for 5 hours.
The samples were afterwards neutralized with pyridine, dried under a stream of
nitrogen, and further hydrolyzed with 2 M of trifluoroacetic acid in water at 120
°C for 1 hour.
Finally, the samples were again dried with N2 and redissolved in water before
being quantified.83
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Lignin quantitative analysis
Acetobromination was carried out on lyophilized fractions (5 mg) according to
literature84 dissolving them in 5 ml of glacial acetic acid containing 25% (wt/wt)
of acetyl bromide and 0.1 ml perchloric acid.
Then the capped solution was incubated for 30 minutes at 70 °C with gentle
stirring. The vials were placed to cool in an ice bath containing a small amount of
ethanol. To the cooled solutions, 5 ml of 2 M NaOH tempered to 4 °C and 12.5 ml
glacial acetic acid was added.
The quantification was done on a Shimadzu UV2550 UV/VIS spectrophotometer
at 280 nm. The extinction coefficient of the acetobrominated lignin was
determined to be 25.7 using, as reference, the known lignin content of Spruce of
27% according to previous work.63
Quantification of dioxane soluble lignin was done by UV measurement after
dissolution of lyophilized fractions in 96% aqueous dioxane solution (0.1% wt/v)
for 48 hours at room temperature under continuous and gentle stirring.69
The lignin content was determined using the absorbance values at 280 nm and the
extinction coefficient of 19.5, determined from the Klason lignin of Spruce which
was in agreement with the literature value for Spruce milled wood lignin dissolved
in dioxane.85
Klason lignin was determined as described by Effland 86 and acid-soluble lignin
according to Tappi method 250.87 Shortly, the former was determined
gravimetrically after acid hydrolysis of the extracts, whereas the latter was
characterized by UV spectroscopy at 205 nm using an absorptivity of 113 g*cm
for hardwood and 128 g*cm for softwood.
Thioacidolysis and RANEY® desulphuration
To about 20 mg of lyophilized LCC fractions placed in a vial, a 2 ml reaction
mixture consisting of BF3 diethyl etherate (2.5%, v) in ethanthiol (10%, v)
solution of dioxane was added.
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Then, air was evacuated with nitrogen and the vials capped.56
The samples were heated at 100 °C for 4 hours with gentle shaking every hour.
Afterwards, the reaction was stopped by placing the vials in ice bath to cool and
then neutralized with 1.5 ml of 0.4 M Na2CO3.
Then, about 10 ml of deionized water was added, followed by 5 ml of ethyl
acetate and the mixture was vortexed. The organic upper phase, consisting of ethyl
acetate and lignin degradation products, was collected. The ethyl acetate
extraction was repeated 3 times and then evaporated to dryness under reduced
pressure.
Desulphuration of thioacidolysis products was done by adding 2 ml RANEY® in
aqueous slurry and 5 ml dioxane in a glass tube fitted with a Teflon-lined screw
cap and stirring at 80 °C for 4 hours.56
The ice-cooled tube was then cautiously opened and 10 ml of water was added.
After adjusting the pH to 3–4 with 9.2M HCl, ethyl acetate was added and the
mixture vortexed and allowed to form 2 phases (10 minutes). The upper organic
phase contained the products. The extraction-phase formation cycle was repeated
3 times. Subsequently, the ethyl acetate was removed under reduced pressure to
obtain the dried desulphurated samples.
The desulphurated products of thioacidolysis were quantified using tetracosane as
internal standard subsequent to acetylation as previously described. 79
The acetylated products were recovered by evaporation after addition of 10 drops
of toluene and cold methanol, which was repeated 3 times in order to remove
pyridine.
Quantification was carried out on GC MS performed with a TRACE™2000 GC
with Agilent J&W DB-5MS column (30 m, 320 mm I.D., 0.25 mm thickness) and
coupled with a Finnigan Trace MS operated at an impact energy of 70 eV.
The yield of thioacidolysis was based on the reaction performed on
guaiacylglycerol-beta-guaiacyl ether model (a non-condensed O4 model) which
gave a 76% monomer yield and was consistent with the literature. 58
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Size exclusion chromatography (SEC) in DMSO/0.5% LiBr
Molecular weight distributions and polydispersity of the samples were
investigated by size exclusion chromatography (SEC) dissolving roughly 5 mg of
lyophilized samples in 2 ml of DMSO+0.5% LiBr (wt/wt) solution.
After filtration of the samples through 0.45m teflon (PTFE) filters, analysis was
performed with SEC 1260 Infinity (Polymer Standard Services, Germany).
The equipment consisted of an isocratic pump (G1310B), a micro degasser
(G1379B) and a standard autosampler (G1329B).
The detection system included a UV detector (G1314B) in series with a refractive
index detector (G1362A). The mobile phase was DMSO+0.5% LiBr set to a
constant flow rate of 0.5 ml/min for a total run-time of 65 minutes.
The injection volume was 100 μl. The separation system consisted of PSS GRAM
Precolumn, PSS GRAM 100 Å and PSS GRAM 10 000 Å analytical columns
thermostated at 60 °C and connected in series. The pullulan standards with
nominal masses of 708 kDa, 337 kDa, 194 kDa, 47.1 kDa, 21.1 kDa, 9.6 kDa,
6.1kDa, 1.08 kDa and 342 Da were used for standard calibration.

Acetylation of LCCs fraction
Roughly 200 mg of LCCs fractions were acetylated at same condition reported by
Ralph et al.88
LCCs were dissolved in DMSO/N-methylimidazole (2:1, v/v, 4.5 ml) at room
temperature for 5 hours and acetylated by adding acetic anhydride (1.5 ml). The
reaction proceeded overnight at room temperature.
Next, the solution was poured into distilled water (500 ml) to quench the reaction
and the resultant precipitate was recovered by centrifugation, washed with same
amount of deionized water and lyophilized.
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Acetylation of lignin samples
Lignin samples were acetylated according to Gellerstedt.79
An amount of roughly 100 mg lignin sample was stirred overnight at room
temperature in 400 l of acetic anhydride/pyridine solution.
Afterwards the solution was dried under reduced pressure after sequential addition
of 3-4 drops of ice cold methanol and toluene (1:1, v:v). Acetylated sample was
finally kept overnight in a desiccator before being dissolved for analysis.

NMR analysis
Quantitative 31P NMR analysis was performed as reported before.60,89
Shortly, an accurately weighed amount of lignin (roughly 30 mg) was
phosphitylated using 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (ClTMDP). All chemical shifts reported are relative to the reaction product of water
with Cl-TMDP, which gives a sharp signal at 132.2 ppm.
For HSQC, a 10-15% in weight of sample solution in deuterated DMSO-d6 and
Acetone-d6 or deuterated chloroform (CDCl3) in the case of acetylated samples
was prepared. The experiments were carried out with the Bruker pulse program
‘hsqcetgpsi’ and the spectra were acquired with the following parameters: size of
free induction decay 1024, pulse 9.2 mm, number of dummy scan 16, spectral
width 13 ppm and a relaxation delay of 1.5 seconds. The number of scans was set
to 120 which led to a run time of 14 hours. The unsubstituted carbon 2 of aromatic
groups was used as internal standard for quantification as elsewhere described.90
Central DMSO (C/H = 39.5/2.5 ppm), acetone (C/H = 29.8/2.05 ppm) and
chloroform (C/H = 77.3/7.2 ppm) were used as internal reference according to
the solvent adopted.
When quantitative analysis was possible, the method by Zhang and Gellerstedt,
which applies both
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C and HSQC analysis, was used.53 The experiments were

carried out with the Bruker pulse program “zgig” with 90° pulse width using an
acquisition time of 1.4 s and a relaxation delay of 1.7 s. Chromium (III)
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acetylacetonate (2 mg) was added to the lignin solution to provide complete
relaxation of all nuclei. A total of 24 000 scans were collected.
HSQC TOCSY experiments were done with the Bruker pulse program
“hsqcetgpml” setting as relaxation delay D9 = 90 ms and number of scans to 165,
which leads to a run time of approximately 20 h. HMBC experiments were run
with “hmbcgp” Bruker pulse program, optimizing a long-range coupling constant
n

JC-H of 6 Hz and collecting 185 scans.

13

C Attached proton test (APT) experiment was run with “jmod” Bruker pulse

program collecting a number of 512 scans.
All NMR spectra were recorded at 300 °K on a Bruker Avance III HD 400 MHz
instrument with a BBFO probe equipped with a Z-gradient coil. Sensitivity
improved with gradient (e/a TAPPI). Data were processed with MestreNova
(Mestrelab Research) using a 90° shifted square sine-bell apodization window;
baseline and phase correction was applied in both directions.

Accelerated Solvent Extraction (ASE) of Spruce and Birch Wood
Wiley meal (40 mesh) extractive-free wood of both species were extracted with
water in a Dionex Accelerator Solvent Extractor 350.
Stainless steel cells (34 mL) were filled with approximately 5 g of sample using
glass fiber (30 mm diameter) filters. One static cycle (160 °C, 120 min, 1500 psi)
with a rinse volume of 60% of the cell volume was performed on each cell.
Purging time was set to 90 seconds.
The extract, E1, was collected in diverse 60 mL vials and lyophilized.
The residues were subjected to a dissolution-precipitation scheme as previously
described. The P1 fractions were obtained by addition of 20% in volume of water
in [Amim]Cl-DMSO (16 hours, 70 °C) of ball milled hydrothermal wood residue
solution. Similarly, the P2 fractions were precipitated in ethanol (3:0.5:0.5,
volume ratio of EtOH: water: DMSO) and finally water (3:1) was added to the
remaining solution to obtain P3.
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Dynamic subcritical water extraction of Birch
Birchwood chips (Betula pendula) were milled to sawdust (below 1 mm particle
size) and washed consecutively with acetone and ethanol. The extractive-free
sawdust was subject to subcritical water extraction at pH 5 (formate buffer 0.2 M),
170 °C and 100 bar by Dionex Accelerator Solvent Extractor 350.
Extraction was carried out for 4 hours in total after consecutive cycles of 5, 15, 20,
20, 60 and 120 minutes, yielding extracts B1 to B6, respectively.
The extracts were subjected to membrane dialysis (cut off 3.5 kDa) to remove
salts and low molecular weight molecules.
The high molecular weight fractions were subsequently freeze-dried for further
analysis.

Enzymatic digestion and chemical deacetylation
Chemical deacetylation was achieved by incubation in 0.1 M NaOH and 10 mM
NaBH4 for 2 hours at 80°C, subsequent neutralization with acetic acid, methanol
wash, and air-drying.
The xylan fractions were depolymerized using a GH30 endo--(14)glucuronoxylanase (kindly provided by Prof. James F. Preston, University of
Florida). End-point digestions were performed by incubating a 1 g/L solution of
each extract with the enzyme (10 U/mL) for 16 hours at 37 °C at the optimum pH
of 5.5. After incubation, the solutions were boiled for 10 minutes, filtered, and
kept at -20°C for further analysis.

Profiling and sequencing of glucuronoxylan in birch extracts
Oligomeric mass profiling (OLIMP) was performed by electrospray ionization
mass spectrometry (ESI MS) using a Q-TOF2 mass spectrometer in positive mode
(Micromass, UK).
The hydrolysates were desalted with HyperSep™ Hypercarb™ cartridges
(Thermofischer, UK), dissolved in 50% acetonitrile, 0.1% formic acid and directly
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infused through a syringe pump at a rate of 5 µL/min. Capillary and cone voltage
were set to 3.3 kV and 80 V, respectively.
The digested oligosaccharides were chemically labelled and separated by liquid
chromatography coupled with electrospray tandem mass spectrometry (LC MS,
Micromass, UK). Derivatization was performed by reductive amination with
anthranilic acid. The labelled oligosaccharides were separated through a SB-C18
column (250x4.6 mm, Agilent Technologies) at a flow rate of 10 µL min-1 and a
gradient of increasing acetonitrile content (10-40%) over 110 min. MS analysis
was performed in positive mode at 3.3 kV and 45 V in the capillary and the cone,
respectively. Argon was used as collision gas for MS analysis of selected ions, at a
voltage of 35-90 V, to analyze the fragmentation of the oligosaccharides.

Tissue culturing and treatment of extracellular lignin (ECL)
Norway Spruce (Picea abies) cells were maintained as a callus culture on solid
nutrient medium and transferred to liquid cultures for lignin formation.91,92
The cultures were incubated at +20°C on a platform shaker (100 rpm, in 16 hours
light/8 hours dark, Osram warm white, 20-50 µmol m-2s-1).
The culture medium was collected when extracellular lignin (ECL) was clearly
visible in the culture medium (ca. 5-15 days after transfer of cells into liquid
conditions).
Cells were removed by filtering through Miracloth, and ECL pelleted by
centrifugation. ECL was washed with water to remove soluble compounds.
Lignin-bound proteins were removed by extracting the ECL with buffered 1 M
NaCl followed by washing with water.93

Dehydrogenase polymer lignin (DHP)
Synthesis of reference lignin was performed as reported elsewhere 93 with
horseradish peroxidase (HRP) type IV (1 mg, 250-330 units). Both hydrogen
peroxide (34 mM, 20 ml in water) and coniferyl alcohol94,95 (34 mM, 20 ml in
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water or 50% acetone) were simultaneously injected at a constant rate (250 μl/h)
using a NE-1800 Eight Channel Programmable syringe pump for 20 hours.
Modifications to the protocol above were effected for functionalized lignins as
follow. In the reaction media, 20 ml of water or 50% aqueous acetone, the bifunctional monomer (0.2 M) was dissolved and the pH was adjusted to 6.5-7
before addition of HRP (Paper VI).
In the experiments discussed in paper III, an amount of 0.2 M of galacturonic acid
(pH adjusted to ≈ 6.5-7 with NaOH) or Beech xylan (1% or 10%, wt/v, pH ≈ 5.56) was dissolved in 10 ml of water before addition of HRP and the same amount
of acetone. The polymerization was carried out under slow stirring (150 rpm) at
room temperature. After injection, the reaction was allowed to proceed for
additional 4 hours.
Dehydrogenase polymers (DHP) were collected by centrifugation (2000 rpm, 30
min) after removal of acetone under reduced pressure, washed with water twice
and lyophilized.

Diels-Alder reaction
The reaction was done in a 15% DMSO-d6 solution of furyl propanoate
functionalized lignin (FPA-Lignin) with maleimide (equimolar ratio of functional
groups). The mixture was left in closed glass vials at 50 °C for 4 days under
constant stirring prior being analyzed by NMR and SEC.

Thiol-ene reaction
Acetylated allyl acetic acid functionalized lignin (AA-Lignin), in presence of 5
wt% 2,2′-Azobis(2-methylpropionitrile) (AIBN, radical initiator) and in excess of
methyl 3-mercaptopropionate (M3MP) (≈ 1:10 molar ratio of functional groups),
was dissolved in a glass vial teflon cap with 100 l of acetone.
After removal of the acetone under flow of N 2, the thiol-ene reaction proceeded
overnight at 80 °C.
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3. Results and Discussion
3.1 Development of milder fractionation protocols for
quantitative LCC analysis (Paper I and II)
Many concerns remain on the methodologies adopted for fractionation of native
LCCs for analytical purposes, since a prerequisite is that their inherent structures
are preserved and, at same time, structural changes are minimized (Section 1.2).
Most methods for LCC isolation from wood require ball milling, a necessary
mechanical treatment to overcome the impenetrable wood structure and give
access to the cell wall matrix, so that LCC fragments can be released and
extracted.
Mild fractionation techniques have been reported although the yields have ranged
from low to moderate.69 The “classical” wood LCC preparation from milled wood
produces the so-called Björkman LCC, which is obtained by dimethylsulfoxide
(DMSO) extraction of milled wood subsequent to pre-extraction of crude milled
wood lignin with dioxane 96% (v/v) in water (MWL).96
When quantitative yields have been achieved, the conditions have been harsher
and often include steps involving strong alkaline extractions. This is the case of
LCCs isolated from wood and pulps after partial enzymatic hydrolysis and
swelling in urea of the milled wood with endoglucanase followed by wet
chemistry separation (Figure 4, Lawoko et. al).97
In another case, a base TBAH (tetra-n-butyl ammonium hydroxide) was adopted,98
which was later shown to cleave ester linkages.99 For these reasons, milder
protocols are still required to unveil and quantify native LCC structures.
The second last protocol (Figure 4, Capanema et. al),100 appears to be mild enough
and the yield of isolation of the whole wood cellulolytic enzyme lignin (CEL) as

22

Results and Discussion

well as associated LCC moieties was maximized (more than 90%). Key factors
were the combination of dissolution and regeneration of mild milled wood in
DMSO + 6% LiCl (wt/wt) prior to enzymatic hydrolysis and extraction of the
enzymatic treated residue with 80% dioxane (v/v) in water.
However, detailed structural information of the carbohydrate component of LCC
is lost through enzymatic hydrolysis.
Finally, the last protocol in the figure 4 presents our effort which is discussed in
section 3.1.2.

Figure 4: Review of quantitative protocols for LCCs fractionation after mechanical ball
milling.

3.1.1

Ball milling effects on structure

Few of the quantitative protocols described may vary in the degree of mildness of
the chemical fractionation steps and quantitative yields but all have one thing in
common: they require a preliminary mechanical pre-treatment, namely ball
milling, which has been globally adopted for native lignin extraction.
For this reason, gaining deep understanding on the effects of ball milling at
molecular level and how this procedure could affect the lignin/LCC structure is
extremely important.
The degree of lignin degradation during ball milling affects the yield of extracted
lignin (MWL), which in our studies of Spruce was around 10%; approximately
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half of those reported (20%) in the literature69 indicating low severity of milling
energy.100
It is known that some changes in wood biopolymers occur during ball milling,
particularly the increases of carbonyl and phenolic OH groups in lignin and the
decrease of molecular mass of both lignin and polysaccharides.69,101
One suggestion is the homolytic cleavage leading to formation of mechanoradicals.
Regarding LCCs, although more evidences and deeper studies are needed, it has
been shown that benzyl ethers are more sensitive than phenyl glycoside to ball
milling.47
Last but not least, given the close proximity of wood bio-polymers in the cell wall,
the possibility of radical coupling between formed mechano-radicals to create LC
bonds is conceivable.

3.1.2

Mild and universal method for quantitative
isolation of LCCs

To address some of the above-mentioned concerns about existing LCCs isolation
protocols, we developed a technique for the quantitative fractionation and
characterization of LCCs at milder conditions than previously reported with the
aim to gain more reliable and detailed information of the covalent structure of
LCC matrix (Paper I-II). All operations occur at near-neutral pH conditions and
low temperatures, in order to preserve the native structure (Figure 2).
The developed method is universal and reproducible since it was later found to
be applicable to various substrates including hardwoods and softwoods as well as
pulps.
In the first step, the extractive-free ball milled wood (BMW) is simply extracted
with warm water and subsequently passed through XAD-4 resin to obtain two
fractions; the retained one constituting an LCC fraction whereas the eluted
fraction was made up of high purity hemicellulose.
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This enabled, for the first time, estimates of hemicelluloses fraction (Fraction 1)
not chemically bound to lignin.
The XAD-4 resin selectivity for lignin has previously been demonstrated.102
Herein, LCC enrichment is demonstrated since the retained fraction (Fraction 2)
contained some carbohydrates in addition to the expected lignin.
Furthermore, the removal of unbound carbohydrates also benefits the
spectroscopic analyses since it enhances the signals assigned to LC bonds in the
obtained fractions when they are subjected to NMR studies.
In a previous work, such enrichment has been achieved by enzymatic hydrolyses
of the carbohydrates.99,101
Next, we adopted a neutral solvent system consisting of ionic liquid [AmimCl]
with DMSO as co-solvent for complete dissolution of the water insoluble residue
containing the bulk of the wood polymers; a demonstration of the superior
dissolution power of ionic liquids.
Subsequently, selective precipitation of various fractions (Fraction 3, Fraction 4,
and Fraction 5) is achieved by sequential anti-solvent additions: water, ethanol and
water again, correspondingly.
Regarding the carbohydrate composition (Table 1), Fractions 1 and Fraction 2 are
enriched either in mannans or xylans in Spruce and Birch, respectively. In both
cases, Fraction 3 is cellulose based and bulk fraction of the protocol in terms of
mass- (≈ 66%) and lignin- (≈ 60%) balance whereas in Fraction 4 both
hemicelluloses and glucans are present.
Lastly, Fraction 5 is enriched in lignin and structurally similar to MWL; however,
the bulk of the lignin is in Fractions 3 and Fraction 4, which together account for
about 70% of the total lignin content.
In terms of mass balance yield, more than 95% on wood basis and 90% of wood
lignin were obtained for both Spruce and Birch as shown in Table 1.
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Table 1: Composition and mass balance of LCC fractions obtained from Spruce and Birch.

Mass
balance

Lignin
Content

Main
Carbohydrates

Dioxane 96%
soluble

Total*

% of wood

% lignin
fraction in
soluble fraction

% on
wood
lignin

BMW

100

11.3±0.2

100

Glu, GGM

F1

9.5±1

7.9±0.7

3±0.5

GGM, X

F2

6±1

37±1.1

4±0.5

GGM, X

F3

66±2

4.2±0.1

61±2

Glu

F4

9±2

11.7±0.7

16±4

Glu

F5

2±0.5

10.7±0.3

3±0.5

GGM

BMW

100

33.8±1.4

100

Glu, X

F1

10.5±1

9.5±0.2

4±0.5

X

F2

10±1

48.5±1.5

6 ± 0.5

X

F3

66±1

5.9±0.3

55.5±2

Glu, X

F4

9±2

49.7±3

16.5±2

X, Glu

F5

2

92±2

9±1

X, Glu

Sugar analysis
by HPAEC/
PAD

Spruce

Birch

Glu = Glucans, GGM = Galactoglucomannan, X = Xylan, BMW = Ball Milled Wood, *Total lignin
content was obtained by UV spectroscopy after acetyl bromide procedure.

3.1.3

Size-Exclusion Chromatography of Fractions

With the known concentrations of the carbohydrate and lignin in each fraction as a
gauge, the elution profiles observed in the SEC chromatograms can be used to
deduce possible LC linkages, as earlier discussed. Superimposed RI and UV
signals imply either that the hydrodynamic volumes of the carbohydrates and
lignin are equal or that the lignin is chemically linked to the carbohydrates.
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Fractions 1 and Fraction 2 (Figure 5) were completely soluble. Herein, the major
RI signal, representing a high concentration of solutes, was superimposed with a
UV signal, yet lignin was a minor component in the fractions; a strong suggestion
of the presence of LC bonds.
In the case of Fraction 3, and to some extent Fraction 4, the solubility was poor
but the soluble fraction contained both lignin and carbohydrates in almost equal
amounts. Here, superimposed SEC detector signals showing identical traces
suggest LC bondage. When Fraction 3 (F3) was acetylated and the solubility
improved, still co-elution was observed further substantiating bondage (Figure 5).
A residue consisting of cellulose was undissolved.
The lignin-rich Fraction 5 showed a unimodal and superimposed distribution for
both detectors; however, LCCs existence could not be deduced since the
concentration of carbohydrates was low.
In summary, SEC supported the existence of lignin carbohydrate connectivity.

Figure 5: Examples of SEC chromatograms: up) F2 and F4 from Birch; bottom) F3 from
Spruce before and after acetylation. Co-elution of RI and UV detectors is shown.
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3.1.4

Analysis of Molecular Structures

The linkage analysis by HSQC NMR spectroscopy was performed directly on the
fractions and, in case of poor solubility, on acetylated samples providing valuable
information on molecular structure and covalent connectivity between lignin and
carbohydrates.
Assignment of LCC34,46,47,48,49,50,99,103,104 and inter-monolignol52,53,54 linkages was
done according to previous work. Semi-quantitation was adopted using the 13C/1H
correlation of C2 of the aromatic ring as internal standard; a position never
substituted in native lignin.90
To complement HSQC analysis, thioacidolysis, in combination with GC FID, was
used to quantify the monomers reflecting the content of non-condensed βO4
structures in lignin.56 Here it is worth noting that incomplete cleavage of aryl ether
linkages (76%) occurs during thioacidolysis, and therefore, a factor of 0.76 was
considered when quantifying the monomers.56
Thioacidolysis combined with GC MS studies were applied to selected acetylated
samples following RANEY® nickel desulfurization to get information on dimeric
condensed products,56 ,105 reflecting the amount of condensed βO4 structures.

3.1.5

Qualitative aspects of F1 to F4

Fraction 1 (F1) and Fraction 2 (F2) consisted mainly of bulk hemicelluloses and
small amounts of lignin confirmed by both mono sugars composition (Table 1)
and HSQC (Table 2) studies.
Both fractions were heterogeneous with respect to lignin structure. However,
condensedO4 in the dibenzodioxin (DBDO) was the dominating lignin
substructure, especially in F1.
Herein, the presence of hydrophobic aromatic structure, as DBDO, could be
explained by the hydrophilic character of the attached polysaccharide which
hurdles the physical adsorption to the XAD-4 resin.
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Furthermore, the presence of partially acetylated C2 and C3 in the mannans
manifests the mildness of this step.
Although not quantified, signals from phenyl glycosides to xylan were present in
F1 and F2 (δC/δH = 100.4/5.02 ppm) while benzyl ethers (BE1) were detected only
in F2 (Table 2).
In Fraction 3 (F3) of Spruce, the highest content of O4 was noted.
Although the fraction contained mainly cellulose, the DMSO-d6 soluble fraction
analyzed by HSQC was enriched in xylan and lignin (Table 2, Appendix 2).
High levels of O4 substructures present in xylan-linked lignin are consistent with
previous data62 and were confirmed also by thioacidolysis studies where the
highest content of non-condensed O4 was detected in this fraction (Table 2).
Thioacidolysis GC MS studies of the fraction (Table 2) verified the lignin
structures detected by the 2D NMR but gave additional information on 4-O-5 and
5-5 substructures.
Acetylation was performed to overcome solubility problem in NMR analysis.
Afterwards, glucans signals53 dominated and, although heterogeneity levels in the
lignin structure increased, high levels of O4 were still observed (Figure 7a).
Regarding LCCs analysis, HSQC data showed that about 10% of the inter-unit
linkages to lignin in this fraction were phenyl glycosides (Figure 7a, Table 2).
This value translates to about 6% of the inter-unit linkages to lignin when the
overall mass balance is considered. The phenyl glycosidic bond to mannose is the
most prevalent.49
Benzyl ethers were also detected and assigned according to detailed NMR model
studies on acetylated samples.103,104 The main sugar unit involved in benzyl ether
linkage was xylan attached through C2, C3 to lignin. The BE2 accounted for about
10% of the inter-unit linkages to lignin in the fraction, which, when the total mass
balance is considered, is about 6% of the inter-unit linkages to lignin in wood
(Figure 7a).
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Although dominated by cellulose, the LCC component had hemicellulose
constituent.
Spruce Fraction 4 (F4 acetylated, Figure 7b) was partially soluble for the NMR
analysis in DMSO-d6. The soluble part was mainly composed of hemicelluloses,
with preserved acetylation on the galactoglucomannan testimony to the mildness
of fractionation, and lignin although the whole fraction, according to sugar
analysis, was mainly cellulose-based.
The O4 content measured by HSQC NMR was lower than the value obtained for
F3 and so was the non-condensed O4 content measured in the GC MS studies.
Benzyl ethers to xylan were also detected.
It is evident, from the overall analytical data, that lignin is mostly linked to the
hemicelluloses. The involvement of cellulose in LC linkage was not verified in
this study; likewise, -esters were unfortunately undetectable due to the δC/δH
region being heavily overlapped.
For Spruce, therefore, it can be concluded that xylan linked to lignin shows a
relatively high degree of homogeneity based on the highest levels of noncondensed O4 linkages.
Presence of phenyl glycoside to mannose in the same fraction could also suggest
that this is a fragment of a degraded xylan–lignin–glucomannan network where
lignin acts as a link between xylan and glucomannan. Such fragments arise from
ball milling of native structure.
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Figure 6: Main inter-unit linkages and end groups in lignin carbohydrates linkages in
mannans, xylans, glucans and lignin-carbohydrate bonds identified in the HSQC spectra.
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Figure 7: HSQC spectra in DMSO-d6 of a) F3, b) F4 after acetylation and c) MWL
obtained from Spruce (left); d) acetylated F3, e) F4 and f) F5 from Birch (right). Colors,
numbering, and abbreviations adopted are shown and consistent with Figure 6.
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Table 2: Quantification in relative % of C9 units of lignin linkages and LCCs in the
fractions isolated from Spruce.
Spruce

MWL

F1

F2

O

O

O

O

Ac

O

M,Glu

M,X

M,X

X

M,Glu

M,X,
Glu

βO4

37

28

23

58

52

41

44

β5

12

-

5

1

12

13

10

ββ

3

-

2

-

-

6

4

DBO

4

53

10

-

-

6

-

SD

2

-

-

-

-

2

3

main sugars in
solution
Lignin
bonds
(relative
% of
C9)

Lignin
bondsb
(% on
LCC
lignin)

End
groups
(relative
% of
C9)
LCCs
(relative
% of
C9)

F3

F4

F5
Ac
Glu,
M

(βO4)

47.7

26.2

28.3

1

1.9

4.8

11.3

55

16.8

9.8

18.3

4O5

1.1

5.5

1.7

5

18.7

11.8

20.1

Cinnamyl
alcohol
Cinnamyl
aldehyde
αCarbonyl
PG

3

-

2

-

-

5

-

4

-

6

-

-

9

-

8

-

12

47

-

-

-

-

D

D

-

10

-

-

BE1

D

-

D

-

D

D

D

BE2

-

-

-

-

10

2

D

-

-

(D)

-

-

-

-

-Ester
b

®

obtained after RANEY desulphurization of thioacidolysis products, (βO4) = percentage accounts for

only non-condensed βO4 taking into consideration as thioacidolysis yield of 76%, X = xylose; Glu =
Glucose, M= Mannose, O = original sample, Ac = acetylated samples, D = detected but not
quantified, (D) = possibly present, - = Not detected, empty space = not analyzed.

3.1.6

On lignin and LCCs in Birch

The characterizations of Birch fractions are reported in Table 3.
In general, βO4 was the most predominant structure of Birch lignin with the
highest levels found in F3 and F4.
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F1 and F2 show a βO4-content in lignin at a 55% together with the presence of
resinol units (ββ) and oxidized side chains such as -carbonyl structures. In F3,
βO4 was the only detectable lignin inter-unit linkage and quantified at about 70%
and 65% of the lignin C9-units before and after acetylation, respectively (Table 3).
In F4, the βO4 content was about 64% for the non-acetylated and measured at
71% for the acetylated sample. Resinol structures (10%) were also detected.
The pre-acetylation enhanced solubility as manifested in the appearance of signals
assigned to cellulose and values reported (Table 3, Figure 7a and Figure 7d).
Analysis of Fraction 5 (F5) showed structural similarities with 96% dioxane
extracted lignin (MWL). Both fractions, for instance, showed HSQC spectra with
cross-peaks assigned to both carbohydrate and lignin structures (Figure 7c and
Figure 7f). Furthermore, lignin skeleton shows lower amount of aryl ether
structures relative to the other fractions with exceptions of F2 (Table 2).
However in F5 (Figure 7f), βO4 was, also here, the dominant structure (Table 3).
GC MS study showed presence of 4O5, β1 and ββ structures. Contrary to the
NMR study, the β5 was missing. This could be due to that they are involved in
trimeric condensed clusters not analyzable by GC MS, but detectable by electron
spray ionization MS as shown in previous studies on MWL lignin.106
Lignin carbohydrate bonds were detected in all of the fractions except of F3, most
probably because of the low detection limits, as it contained the bulk of cellulose.
F1 and F2, although low in lignin content, had a high prevalence of PG bonds to
xylan, which appeared at δC/δH = 100.4/5.02 ppm as reported elsewhere.49
Volume integral of this signal estimates it at 30% of the inter-unit linkages to
lignin. However, anomeric signals from other rare sugars appearing in this region
e.g. galacturonic acids in pectins, makes such quantitation ambiguous.
PGs were also present in F4 (Figure 7e).
LCC γ-ester type46 appearing at δC/δH = 62−65/4.0−4.5 ppm and BE linkages103 to
xylan, generally rather scarce among Birch fractions, were detectable only in F5
and quantified both at 3% of the inter-unit linkages to lignin (Table 3, Figure 7f).
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Benzyl ether signals appear at δC/δH = 80.1−81.2/4.21−4.68 ppm (BE1) and δC/δH
= 82.9/5.23 ppm (BE2) as can be seen in Figure 7f.
Table 3: Quantification in relative % of C9 units of lignin inter-unit linkages and LCCs of
the fractions isolated from Birch.
Birch

MWL

F1

F2

F3

F4

F5

Main sugars in
solution

X, Glu

X

X

X, Glu*

X, Glu

X, Glu

Lignin
Bonds
(relative
% of
C9)

LCCs
(relative
% of
C9)

Err

O

Ac

O

O

O

Ac

O

Ac

O

Ac

βO4

0.2

65

75

55

55

70

65

64

71

55

50

β5

0.1

-

-

-

-

-

-

-

-

2.6

2.6

ββ

1

8

10

-

9.5

-

-

9.5

10

9.5

7.7

SD

0.1

2.7

2.8

-

-

-

-

-

-

-

-

-

4.8

-

1

28.5

1

PG

-

39.6

BE1

-

-

-

-

-

-

D

BE2

-

-

-

-

-

-

3

-Ester

D

-

6.3

-

-

-

3

Err = error margin, X = xylose, Glu = Glucose, O = original sample, Ac = acetylated samples, D =
detected but not quantified, * =detected in acetylated sample, 1= possibly overlapping with uronic acid
cross peak, - = Not detected, empty space = not analyzed.

To conclude, structural studies on native Spruce and Birch milled wood suggest
that the fractions isolated are obtained by a quantitative LCCs fractionation
protocol operating in relatively milder conditions than previous ones reported.
Key observations are the preservation of native structures in the isolates, such as:
• partial acetylation of the hydroxyls at C2 and C3 in xylan Birch;
• high prevalence of aryl ether bonds in the both Spruce and Birch wood lignins;
• presence of uronic acid ester linkages which are known to be pH-sensitive.
These insights on molecular level will be further discussed in section 3.3 in
connection with LC bond regulatory mechanisms.
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3.2 LCCs: native or formed during isolation? (Paper III)
One of the current criticisms regarding the existence of LCCs in native plant cell
walls is attributed to existing characterization techniques and mechanistic
pathways of their formation.
On the characterization front, as previously explained, the challenge is to find
replacements for the harsh mechanical and/or chemical pre-treatments required to
extract them from the woody matrix for wet chemical analyses.
Mechanical treatment is conventionally a ball milling subsequent to Wiley milling
as described by Bjorkman.69 Several solvent systems with varying degrees of
mildness have in the past been used69 to dissolve the ball milled wood partially69
or completely.69 The initial ball milling step is a drawback since modifications
occur to the native polymers and the extent of such modifications on structures
remains not fully understood.
Accordingly, LCCs could in part or fully be created during such treatment.
Another point of criticism is whether the ensuing dissolution imparts
modifications which include LCC formation. Several solvents classes have been
used including acidic, neutral or basic systems.25,40,97,98 Only the neutral may be
justified if temperatures are mild enough.
Finally, supporting evidence for the LC ethers and esters being formed in the cell
wall has been provided. The mechanisms which form these LC structures are,
however, challenged by competing reactions also occurring in the cell wall.
Regarding phenyl glycoside formation, no mechanisms have been suggested.
One speculative explanation is the acid catalyzed phenolic addition to reducing
end of a carbohydrate moiety, by the well-known chemistry of hemi-acetal
formation. If this is the case, then the pH in the cell wall is likely to be slightly
acidic when the linkage is formed.
Another possibility is transglycosylation of a phenolic end group to carbohydrate
reducing end catalyzed by one of the multiple types of transglycosylating enzymes
which are known to cleave and relegate hemicellulose chains present in the cell
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wall during the wood formation.23,107,108 Yet another possibility is artifact
formation through radical coupling happening during mechanical pre-treatment
such as ball milling.
The mechanism of formation of Benzyl ethers (BE) and Benzyl ester (BEst) is
easier to comprehend based on simple nucleophile addition chemistry.
However, the occurrence is not straightforward, given the competing reactions in
plant cell walls. The BE and BEst can form through nucleophilic addition
reactions of the hydroxyls in the sugar- or uronic acid moieties to the quinone
methide electrophile intermediate in O4 structure (Figure 8). This intermediate is
firstly formed whenever a  radical coupling occurs to form dimers,109 thereafter,
chain growth proceeds by either dimerization or endwise coupling of monomers.
Not surprisingly, when the coupling involves a  or  a favorable
intramolecular addition reaction with available nucleophiles (Phenol-OH and -OH
in C, respectively) occurs to form ring structures like phenyl coumaran and
pinoresinol structures.
This leaves the O4-based quinone methide intermediate as the possible candidate
for LC ether and ester bond formation. Here, however, it should be noted that the
addition of water, an abundant mobile nucleophile in plant cell walls, is favored
and is documented by NMR studies showing the high presence of -hydroxylated
O4 structures in lignin.109,110
How then can LC linkages form in aqueous environment in plant cell wall?
One hypothesis is that the growth of lignin molecule creates a hydrophobic
environment by extrusion of water, leaving a somewhat water-deficient matrix of
lignin in close proximity to hemicellulose. In any case, that hemicellulose seems
to play a role in lignin polymerization is supported by studies where synthetic
lignin (Dehydrogenation Polymer, DHP) was prepared in the presence of xylan 111
and pectin.112
In this section therefore, we start to investigate these matters by bio-mimicking
LCCs formation in vitro.
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Figure 8: Suggested formation mechanism of -hydroxylated O4, O4 lignin subunits,
benzyl ether and benzyl ester bonds in native lignin carbohydrate complexes due to
nucleophilic attack in the electrophilic site () of O4 subunits.

3.2.1

Case I: Extracellular lignin (ECL)

A novel in vitro procedure for lignin synthesis by suspension cultures of Picea
abies113 (ECL) was developed in the 1990s. Lignin isolation is achieved in its
native state overcoming any kind of extraction at harsh conditions since the
substrate is just washed with water and centrifuged.
This approach has been used to study lignin structure and revealed that the
structure was intermediate between milled wood lignin (MWL) and synthetic
lignin normally referred to as dehydrogenation polymer (DHP). 93
Furthermore, extracellular lignin (ECL) has been shown to contain carbohydrates,
especially pectin-type of sugars,93 making this material an excellent substrate to
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evaluate lignin-carbohydrate bonds. Following these developments, we have
investigated the presence of lignin carbohydrate complexes in these cell cultures.
Complementary to this, we present some results from modified DHP syntheses in
support of the deduced mechanisms of LC bond formation.
Carbohydrate analysis of ECL (Table 4) indicates presence of various sugars,
especially elevated levels of galacturonic acid, arabinose and galactose.
Xylose, mannose and glucose were also present but in small amounts.
This implies strong interactions between lignin and pectin, which contains all the
named abundant sugars.

Table 4: Mono sugars composition and Lignin content of ECL.
Mono sugars content

Lignin
content

Relative %

Mass %

Fuc

A

Rha

Gal

Glu

X

Man

GalA

4OMGA

Klason

ASL

0.7

46.6

1.5

31.1

4.7

0.9

2.1

10.2

2.2

68.7

1.8

Fuc = Fucose, A= Arabinose, Rha = Rhamnose, Gal = Galactose, X = Xylose, Man = Mannose,
GalA = Galacturonic acid, 4OMGA = 4-O-methylglucuronic acids, Sugar composition analyzed by
HPAEC/PAD after methanolysis followed by TFA hydrolysis, ASL = Acid Soluble Lignin.

Another unique feature of the ECL unveiled by both HSQC and 31P NMR, was the
relatively high content of para-hydroxyphenyl unit (H) when compared to
conventional “native” lignins.
About 20% of the monolignols in ECL were H units (Figure 9).
This outcome is in line with previous analysis done by pyrolysis-GC MS and
HSQC on Eucalyptus globulus114 which showed that the amount of H-type units
deposit first (relative lignin abundancy of 9% for 1 month old wood) and
markedly decrease during maturation (to only 2% in 9 years old wood).
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Figure 9: 31P NMR spectrum in CDCl3 of ECL and quantification of hydroxyl
functionalities.

An amount of roughly 70% of initial dry weight of ECL was soluble in DMSO-d6.
HSQC analysis shows that inter-unit linkages were similar to that reported by
previous studies113 (Table 5) but herein we pay special attention to LCCs linkages.
As observed, the spectrum shows typical lignin structures and some small amounts
of sugar signals assigned to arabinoglucuronoxylan (Figure 10).
Furthermore,

benzyl

ether

diagnostic

cross

peaks

(BE1,

δC/δH:

80.1−81.2/4.21−4.68 ppm) are likely lignin-lignin (O4) since the integral value of
the cross peak is much higher compared to that of sugar signals (4.5%, Table 5).
Benzyl ether in xylan (BE2), whose cross-peak overlaps with C/H in
spirodienone (SD) structures, is likely present.
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Figure 10: HSQC spectrum in DMSO-d6 of ECL.

Such existence is substantiated by the volume integral of signal assigned to
C/H in SD being two times higher that of the well resolved peak of C /Hof
the same structure (SD) at δC/δH = 79.4/4.11 ppm (Table 5).
Phenyl glycosides were also detected (δC/δH = 100.1-104/5.1-5.3 ppm, Figure 10).
From the ECL studies, therefore, the presence of benzyl ethers and phenyl
glycosides, albeit weak traces, is shown and supported by the presence of signals
from xylan in the spectrum. Interestingly, the carbohydrate analysis of the original
sample (Table 4) is not reflected in the NMR analysis (Figure 10). The latter
suggests presence of xylan with a bulk of the ECL. This also suggests that the
insoluble fraction, accounted for about 30% of the lignin, contained the pectic
substance. As pectins are largely constituted of acidic groups, it is likely the
benzyl esters, if present, are here enriched.
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3.2.2

Case 2: Modified DHP synthesis

Due to the lack of detection of LC esters in ECL, further investigations were
required in order to investigate if they are formed.
The working hypothesis was that the likelihood of formation of the ester is
higher than that of the ether, based on the fact that the carboxylate is a better
nucleophile.
However, the ether is more likely to be produced in higher quantities due to
higher availability of hydroxyls when compared to carboxyls in wood
hemicellulose.
For this reason, it is likely that the LC esters were below the detection limit
in the HSQC analysis of ECL; a hypothesis we sought to investigate further
through modified DHP synthesis.
DHP synthesized from only coniferyl alcohol in 50% acetone (Reference
sample, Figure 11a-11b), was compared with DHP synthesized in presence
of xylan (Xylan-DHP).
In this case, two NMR quantification methods were applied and their values
are reported in Table 5. In the first one, both
53

as described by Zhang and Gellerstedt,

13

C and HSQC NMR analyses,

were used to obtain quantitative

data for individual structure within a cluster with similar T 2-relaxation.
In the

13

C spectrum, this cluster (78.4-86.4 ppm) is normalized to the

integral of aromatic region (100-160 ppm) which is set at a value of 6.12
and adopted as quantitative reference. The quantitation is then used in the
HSQC spectrum where the peaks of each inter-unit linkage within the
cluster (C/H: 78.4-86.4/4-5.2 ppm) are better resolved.
The second method utilizes only HSQC analysis90 using the C2 of aromatic
as internal references.
In our studies, the difference in the values obtained between the two
methods was not that significant (Table 5).
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Therefore, the second method was used for the other samples since the
NMR running time is shorter.
We first investigated the formation of esters by including in the lignin
synthesis the conjugate base of a simple molecular acid, i.e., the sodium salt
of galacturonic acid. The strategy adopted to use the conjugate base instead
of the acid, was to increase the concentration of the carboxylate nucleophile
so that if esters formed they were detectable.
The formation of benzyl ester was observed (Figure 11c) by the presence of
Cα/Hα correlation in -esterified O4 appearing at 74.3/5.96 ppm and
corresponding Cβ/Hβ at 4.6/82.5 ppm, O4(Ester) peak.
At this condition, (pH 6.5-7) no -ester was detected indicating that uronosyl
migration observed for wood isolated substrates did not occur.
A similar test was performed with DHP polymerized in 1% solution (wt/v)
of polymeric Beech xylan in 50% aqueous acetone.
Interestingly, both benzyl- and -esters were detected (Figure 11d),
indicating that uronosyl migration may be a response to sterical constrains
when polymeric benzyl esters are formed.
Benzyl ethers (BE2), if present, were negligible since, comparing the volume
integrals of the two signals of SD (C /H and Cβ/Hβ at 81.7/5.09 ppm and
79.4/4.11 ppm, respectively), no significant difference was detected.
Lastly, phenylglycosides were absent in all of the DHP experiments.
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Figure 11: Expanded a) 13C spectrum and b) HSQC spectrum of the reference DHP, HSQC
spectra of c) Galacturonate DHP and d) Xylan (1% solution) DHP. All spectra were run in
DMSO-d6. Presence and absence of characteristic LCCs are marked by red dotted circles.

3.2.3

Case 3: DHP in xylan-rich matrix

After analysis of ECL (Case 1) and modified DHP (Case 2), clear evidence of
benzyl ethers is still lacking since we are faced with the difficult task of overlap
with spirodienone structure (SD).
One way to solve this was to increase the concentration of xylan and,
correspondingly, the probability of BE formation, in order to note if the signal
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intensity of the overlapped SD+BE increased relative to the reference resolved SD
signals.
Thus, xylan concentration was increased an order of magnitude (10%, wt/v).
Both precipitate (Xylan10-DHP) and supernatant were collected, analyzed by
HSQC NMR and compared with DHP reference (Figure 11b) and commercial
Beech xylan (Figure 12a).
In Xylan10-DHP (Figure 12b) no evidence of LCCs peaks was found, suggesting
that high molar mass fraction of xylan and DHP either co-precipitate due to
physical interactions or that LC bonds were below detection limits.
As expected, the bulk of xylan together with unreacted coniferyl alcohol (CA =
50% of all aromatic signals, Table 5) ended up in the water phase (Figure 12c).
However, HSQC analysis of the water phase revealed presence of phenyl
coumaran , resinol  and O4 structures, all present roughly at same level
(≈ 10%).
Once more, both LC ester types (BEst and GE) were detected with the latter
markedly more abundant, at a value of 3% relative to lignin inter-units linkages.
Interestingly, resolved signals of BE to xylan were detected (Figure 12c and
expanded region in bottom right corner).
This conclusion was reached due to the absence of SD signals as is manifested in
the missing signals from Cβ/Hβ (79.4/4.11 ppm) and Cβ*/Hβ* (59.6/2.80 ppm)
meaning that the signal at 81.6/5.02 ppm, where C/H of SD could overlap, is
actually only related to benzyl ether in xylan.
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Figure 12: Expanded HSQC spectra in DMSO-d6 of a) Beech xylan, b) Xylan10-DHP and
c) supernatant of DHP-X10 experiment. Characteristic LC bonds are marked by red circles.
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Table 5: Summary of lignin inter-unit linkages analysis and LCCs in relative % of C9 units
detected by NMR of ECL, reference and modified DHP lignin.

Case I

Case II

Lignin
Inter-unit
linkages

Case III

relative % of C9 units

βO4

35

DHP
reference
32

β5

21

24

20

35

21

19

10

ββ

20

18

16.4

25

22

20

7

DBDO

4

2

2.6

-

4

4

-

SD

2

2

2

-

2

-

-

CA

15

20

26

27

20

20

50

ECL

DHP
reference*
30

GalADHP
11

X
DHP
24

X10
DHP
15

Water
phase
9

relative % of C9 units

LCCs
BE1

(4.5)

-

-

-

-

-

-

BE2

4

-

-

-

-

-

1

Best

-

-

-

3

1

-

1

GE

-

-

-

-

0.5

-

3

PG

D

-

-

-

-

-

-

13

- = Non Detected, D = Detected but not quantified, * = C NMR-HSQC method quantitation,
10 = 10% xylan solution experiment, ( ) = mainly O4 structures.

Lastly, molecular weight analysis by SEC chromatography (Figure 13), shows the
dramatic decrease in elution volume, corresponding to higher hydrodynamic
volume, of both Xylan10-DHP and supernatant xylan-like fraction compared to
DHP and Beech xylan reference samples.
Therefore, SEC analysis supported LC bond formations since the resulting DHP
had higher molar mass when compared to both references.
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Figure 13: DSMO+0.5% LiBr SEC chromatograms of Xylan10-DHP and water phase
fractions compared with both DHP and Beech xylan references.

Thus, here, we show that LC bonds can indeed form at cell wall proximate
conditions. The presence of competing nucleophiles, even at superior
stoichiometry, did not impede LC bond formation.
Phenyl glycosides and benzyl ethers were found in Extracellular Lignin
from Spruce whereas benzyl- and -ester as well as benzyl ether were
detected in modified DHP experiments (Table 5).
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3.3 Structural requirements for LCCs bonds formation
(Paper II, III)
Section 3.2 describes a hypothetical suggestion on how phenyl glycoside is
formed. In addition, benzyl ethers and benzyl esters formation, by
nucleophilic attack on quinone methide in O4 structure, was discussed
(Figure 8). However, as shown in Figure 8 (Section 3.2), the formed ester at
C is proposed to be chemically unstable and through transesterification a
more stable –ester LCC could be formed.46,47,48
Another explanation could be that the driving force for the uronosyl migration
may thus be sterical constraints of having a polymer attached to the  carbon
which is adjacent to a bulky aromatic ring.
Our studies on synthetic lignins, discussed in the previous section, showed for the
glucuronic acid experiment only formation of BEst. Conversely, in presence of
glucuronoxylan both BEst and GE were present with the latter dominant. This
supported migration of bulky esters due to sterical effects.
Interestingly, BEst are not detected in wood isolated substrates further
corroborating migration. In this case, it is not clear whether the migration occurs
during the isolation or during polymerization.

3.3.1

Differences in the Levels of C2−C3 Acetylation in
xylan

The biological importance of lignin carbohydrate covalent networks could be
explained also by structural features of polysaccharides which seem to be
organized and designed in a pattern that facilitate and/or regulate formation of
covalent bonds.
Analysis of LCCs fraction isolated from Birch (Section 3.1.6) provided structural
differences in the degree of acetylation (DAc) of xylan.
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Two types of native xylan, differing in the degree of acetyl and substitution, are
detected in Birch. The highest levels of C2−C3 acetylation were detected in F4
along with the highest content of 4-O-methylglucuronic acid (4OMGA).
Conversely, the lowest values of acetylation, half of those detected in F4, were
obtained in the water extracts, F1 and F2 (Table 6).

Table 6: Acetylation degree (DAc, Equation 1) and 4OMGA content of LCCs fractions
obtained from Birch.

BMW
F1
F2
F3
F4
F5

DAc(C2)
mol%

DAc(C3)
mol%

4OMGA*
% on xylan

PG

BE

GE

D
14

D
22

4.8
2.3

39.61

-

D
-

5

7

1.8

28.51

-

6.3

21

24

4.1

-

-

-

37

34

4.9

4.8

-

-

D

D

1.6

-

3

3

BMW = ball milled wood, 4-O-methylglucuronic acid = 4OMGA quantified by GC FID after
methanolysis, D = Detected; - = Not Detected, 1 = possibly overlapping with uronic acid cross peak.

The degree of acetylation on C2 and C3 was determined by HSQC as shown in
Equation 1. The analysis was performed semi-quantitatively by using sugar
analysis data combined with HSQC integral values of the anomeric region as total
amount of each sugar.

𝐷𝐴𝑐(𝐶2 ) =

IHSQC [XC2 (Ac)]
XC2 (Ac)
=
∗ 100
molX
Xmole % (HPAEC)*IHSQC [Cluster]Anomeric

Equation 1: Example of calculation of the degree of acetylation on Carbon 2 in xylan
expressed as mol% of xylan unit. DAc= Degree of Acetylation, X = Xylan. I = Integral,
[ ] = HSQC Signal.
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The content of 4-O-methylglucuronic acid was determined by GC FID after
methanolysis and subsequent acetylation.78
A key observation is the relationship between the degree of acetylation of xylan in
Birch and the type and frequency of LC bonds.
The content of LC bonds is low when xylan is relatively more acetylated.
The lower the degree of acetylation in xylan fractions, the higher frequency of
phenyl glycosidic bonds.
Although the mechanism of formation of phenyl glycosides is not yet known, it
seems that its formation is hindered by the presence of acetyl group at adjacent
position on C2 hydroxyl.
One of the hypothesis behind this outcome could be that acetylation at C2 on xylan
sterically hinders the coupling of lignin at the adjacent C1 hydroxyl.
Otherwise, it could be assumed that phenyl glycosides are formed by specific
enzymes inhibited by the presence of close enough acetyl groups.
Looking at benzyl ethers linkages in Birch fractions, a high degree of acetylation
in xylan fractions would also reduce the probability of its formation.
In other words, the scarce presence of BE2 (benzyl ethers involving mainly C2 and
C3 hydroxyls on xylan, see Figure 6) may be explained by the significant levels of
acetylation present in native xylan. This hypothesis is supported by our studies on
Spruce fraction which showed that benzyl ether linkages to xylan are relatively
more abundant since Spruce xylans are not acetylated.
To conclude, acetylation in hemicelluloses in wood may thus function as
regulators of the type and frequency of LC bonds, as summarized in Figure 14.
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Figure 14: Schematic representation on the relationship between degree of substitution of
xylan hydroxyls by acetylation and the type and frequency of LC bonds.
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3.4 The role of LCC on recalcitrance (Paper IV and V)
The economic viability for a biorefinery, based on lignocellulosic biomass as raw
material alternatives to fossil-based ones, relies on the efficiency to separate the
wood polymers in high yield and cost effectively, availing polymers with different
physical and chemical characteristics suitable for a broad product base.
Therefore, both composition and molecular structural features of the individual
constituting biopolymers as well as the nature of their intra- and intermolecular
interactions115,116 are crucial factors to be considered. For this reason, studying the
occurrence and the reactivity of LCCs, is essential in a biorefinery context since it
has been suggested that they may be responsible for holding back some of the
hemicelluloses.17,18 Deeper insights on recalcitrance from a molecular structure
viewpoint is therefore of interest for the development of more efficient processes
for extractions of wood biopolymers in higher yield and purity.
Sub-critical water extraction of biomass, also referred to as hydrothermal
pretreatment or autohydrolysis, is becoming an important strategy for wood
fractionation not only due to its benign effect on environment but also because
hemicelluloses and/or lignin can be separated for added value products while the
residual cellulose-rich solid can still be further processed.117,118,119
Fundamental understanding of this environmentally friendly process contributes to
the development of sustainable processes for the fractionation of wood
biopolymers in integral lignocellulosic biorefineries.

3.4.1

Structural Insights on Recalcitrance during
Hydrothermal Hemicellulose Extraction from
Spruce and Birch (Paper IV)

Recalcitrance during hydrothermal treatment of Spruce and Birch wood was
investigated (160 °C, 120 min, 1500 psi) using un-buffered water as green and
sustainable solvent at conditions chosen to minimize both the efficient hydrolysis
of hemicellulose120 and the formation of pseudo-lignin.121
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The aim was to extract mainly polymeric hemicelluloses in fair yields.
On the analytical front, the developed mild quantitative fractionation protocol
(Section 3.1) was successfully applied to the extracted wood, confirming its
universality. Soluble fractions (P1, P2, P3) were obtained from the extracted wood
residues in addition to the hot water extracts (E1). Hydrothermal fractions were
compared with the reference native ball milled fractions (F1-F5, Section 3.1).
Thus, a holistic view of the structural changes occurring during extraction enabled
discussions on important structural attributes to recalcitrance.

3.4.1.1 Composition of hydrothermal treated fractions
The extraction yields on wood basis of E1 was 21% for Spruce while 27.5% for
Birch, roughly 30% more than reference ones (80 °C and atmospheric pressure,
Section 3.1). The former contained 8.1% of Spruce lignin while the latter
accounted for 19.8% of the lignin in Birch.
The extraction yields of hemicellulose (in E1) are about 75% and 68% for Spruce
and Birch, respectively. Major portions of the cellulose and lignin are retained in
the residue. All fractions have compositional similarities with those obtained from
native wood previously reported (Section 3.1). For instance, monosugars
composition suggests that the extracts were mainly GGM-based for Spruce and
xylan-based for Birch. Of the fractions obtained by subjecting the residue to
analytical fractionation, a

cellulose-enriched fraction, P1, accounts for

approximately 55% of the mass in both Spruce and Birch and at least half of the
wood lignins. P2 is mainly hemicellulose-based and P3 is enriched in lignin and
structurally similar to milled wood lignin as previously discussed (3.1.6).

3.4.1.2 Molar Mass Distribution
Extracts are of lower hydrodynamic volume than the polymers in the residues
(Figure 15) showing, in line with the improved yields of E1 fractions, that
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depolymerization caused by the auto- and acid- hydrolyses may be important
factor promoting hemicellulose extraction.122
However, it must be considered that the true molar masses of the polymers in the
hydrothermal residues (P1-P3) could be much higher than the measured ones since
some depolymerization may occur in preceding ball milling.
Therefore, the recalcitrance due to restrictive solubility imposed by high molar
mass is always a factor to consider.

Figure 15: Summary of SEC analysis of native (blu) and hydrothermal (red) fractions
extracted (E) and precipitate (P1-P3) from Spruce (up) and Birch (bottom).

3.4.1.3 Changes in Acetylation Patterns of Hemicelluloses
The change in acetylation pattern and its effect on solubility properties during
pressurized hydrothermal pretreatment were investigated on both water soluble
(E1) and insoluble (P2) hemicellulose-enriched fractions (Table 7).
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In general, significant levels of deacetylation, especially for Spruce, occur from
native (N, 80 °C extraction) to the hydrothermally treated wood (HT, 160 °C) as
observed in Table 7.
Table 7: Acetyl content (in mol%) of E1 and P2 fractions obtained from native (N) and
hydrothermal (HT) Spruce and Birch.

Spruce
E1

Acetyl

M

group
(mol% )

Xyl

Birch
P2

E1

P2

N

HT

N

HT

N

HT

N

HT

C2

32

13

40

25

-

-

-

-

C3

17

8

-

9

-

-

-

-

C6

-

2

-

-

-

-

-

-

C2

-

-

-

-

7

10

51

24

C3

-

-

-

-

11

8

39

17

C2,3

-

-

-

-

4

8

-

7

- = Not detected, Xyl = Xylose, M = Mannose, Cx = position of acetyl group on Carbon x in Mannose
or Xylose.

It is well known that C6-hydroxyls in native wood hemicelluloses are not
acetylated, however, from HSQC analysis a partial acetylation of mannose at the
C6 hydroxyl (2−3%) is observed (Figure 16a). This observation suggests that
formed esters of primary alcohols were stable at the applied hydrothermal
conditions.
3.4.1.4 Structural changes in lignin during autohydrolysis
A significant cleavage of O4 linkages in lignin is observed when comparing the
native fractions with the hydrothermally treated ones (Table 8).
For instance, about 25% of the O4 in native P1 fraction of both Spruce and Birch
were cleaved. The products of such reactions include Hibberts ketones123,124,125,126
which were also detected in this study with diagnostic cross peaks (C/H at
44.6/3.64 ppm and C/H at 67.6/4.17 ppm).127 Such ketones result from the
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acidolytic cleavage of aryl ether linkages leading to  carbonyl groups and new
phenolic hydroxyls at the cleavage sites.
Lastly, the content of 5 in P1-Spruce increased from 12 to 15 (mol%) while in
P1-Birch the amount of condensed structure had a three-fold increase. This is
likely a consequence of lignin re-polymerization by condensation reactions.125

Table 8: Semi-quantitative determination (% of C9 units) of lignin inter-unit linkages
detected by HSQC NMR.

Lignin Inter-unit linkages
relative % of C9 units






Spruce

N

HT

N

HT

N

HT

P1-Ac

52

38

12

15

-

-

P2

41

35

13

18

6

6

P3

37

31

12

16

4

7

41

P1d

13

6

Birch

N

HT

N

HT

N

HT

P1-Ac

55

32

-

-

5

14

P2

65

48

-

-

-

12

P3

64

45

-

-

10

-

P1d

55

64

3

6

10

14

d = dioxane 80% extract, Ac = Acetylated, - = not detected, empty space = not Analyzed,
D = Detected, N = Native, HT = Hydrothermal.

3.4.1.5 On recalcitrance of LCCs
In the water extract of Spruce, only PG was detected (Figure 16a) whereas PG and
both BE1 and BE2 were present in the case of Birch (Figure 16b). The anomeric
13

C/1H correlations at 4.85/101.3 ppm and 4.88/102.6 ppm are assigned to PG in

guaiacyl and syringyl units, respectively. 49 However, signals from the linkage
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between rhamnose and galacturonic acid in pectins at 100.8/5.02 ppm and the
anomeric carbon in esterified glucuronic acid at 100.1-101/4.6-4.746,47 may overlap
with aforementioned PG signals.
The residues of the hydrothermal treatments at 160 °C were analyzed by NMR
after subjection to the universal analytical fractionation.
Due to solubility issues, as discussed earlier (Section 3.1.5 - 3.1.6), the celluloserich P1 fractions, were analyzed in two forms; in one case acetylated and in
another extracted with 80% aqueous dioxane.
Enrichment in the lignin signals and LC linkages was achieved (Figures 16c-16d).
Main sugar detected in Birch P1 dioxane-fraction was xylose, in agreement with
sugar analysis, while for Spruce P1 dioxane fraction, the detected sugar in the 2D
NMR was mainly mannose. However, according to sugar analysis, galacturonicand glucuronic acids were also present in both fractions.
Therefore, presence of both benzyl ethers (BE) and esters (GE) (Figures 16c16d), suggests that both the sugars and uronic acids detected were linked to lignin
through benzyl ether- and ester- bonds, respectively.
Benzyl ethers were detected in both P3 from Spruce and Birch (Table 9).
Regarding the detection of esters (GE) two classes were identified:


Acetyl esters (Cγ/Hγ at 62.5/3.82 and 4.22 ppm)

These esters were acetyl esters confirmed by the presence of aliphatic signals
from methyl in acetyl groups at

13

C/1H = 20/1.93, 2.01 ppm. Moreover, the

presence of C/H cross signal at 81/4.62 ppm (Figure 16c-16d: Signal O4GE)
suggested the presence of ester in the position of O4. Clearly, an acetylation
reaction to primary alcohol on lignin structure had occurred; in analogue to C6
acetylation in mannose discussed in section 3.4.1.3.


Uronic acid esterified lignins (Cγ/Hγ at 65.3/4.12 and 4.33 ppm)

esters tentatively assigned to LCCs, uronic acid esterified lignins (Figure 16c16d: Signal GE) due to that such fractions were also enriched in uronic acids.
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Some of these esters were probably formed during hydrothermal treatment
through esterification of uronic acids to hydroxyls on the same basis as the
aforementioned acetylation of primary alcohol in mannan and in lignin.
The stability of native- and formed lignin-carbohydrate esters may in part be
responsible for retention of xylans and pectins in the hydrothermal wood.
The acetylation of primary alcohol in lignin moiety of an LCC matrix could
enhance the hydrophobicity making it less soluble, and may also in part explain
retention of hemicelluloses.

Table 9: Semi-quantitative determination (% of C9 units) of LCCs by HSQC NMR.

LCC types
relative % of C9 units
PG

BE

GE

Spruce

N

HT

N

HT

N

HT

E1

33.1*

52.4*

-

-

D

-

P1-Ac

9.2

-

D

-

-

-

P2

-

-

-

-

-

-

P3

-

-

2

2.4

D

-

-

P1d

0.8

14.6

Birch
E1

43.2*

22.4*

-

6.9

D

-

P1-Ac

-

-

-

-

-

-

P2

-

-

-

-

-

-

P3

-

-

4.7

4.4

2.8

-

P1d

-

-

4.6

4.4

7.6

5.6

d = dioxane 80% extract, Ac = Acetylated, - = not detected, D = Detected, N = Native,
HT = Hydrothermal, * = possibly overlapping with uronic acid cross peak, empty space = Not
Analyzed.
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Figure 16: Extended HSQC spectra in DMSO-d6 of hydrothermal extracts (E1) and
dioxane 80% extract of P1 obtained from Spruce (left) and Birch (right). In O4 region,
G = Guaiacyl, S = Syringyl. e-f) Measure of role of LCC in recalcitrance of hemicellulose
extraction in Spruce and Birch residues, respectively, calculated as shown on y-axis.
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The hydrothermal treatment at 160 °C had limited effects, if any, on LC bond
cleavage. By calculating the amount of LC linkages in native and hydrothermal
woods (Table 9), normalized for the hemicellulose content of the corresponding
wood, the linkage enrichment in the residue can be studied (Figure 16e, 16f).
It can be observed that both Spruce and Birch hydrothermal woods, are enriched
in BE and GE. On the other hand, PG disappears during the treatment.
This suggests that hydrophobic lignin linked to hemicellulose through benzyl
ether- and esters linkages play a significant role in hemicellulose recalcitrance
to extraction at the applied sub-critical water extraction condition as summarized
in Figure 17.

Figure 17: Graphical representation of recalcitrant role of LCC during hydrothermal
treatment of Spruce and Birch and main polysaccharides present in the extract and in the
hydrothermal treated wood.
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3.4.2

Sequential extraction of Birch under subcritical
water (Paper V)

In the previous section, the role of ether and ester LC linkages in recalcitrance at
sub-critical water extraction (SWE) performed at 160 °C was discussed.
Next, investigations were carried out at 170 °C in a buffered solution, and extracts
were collected as a function of time in a sequential manner. Birch meal was used.
Sample preparation and processing is schematically shown in Figure 18.

Figure 18: Experimental process for the sequential extraction of Birch hemicelluloses
using subcritical water.

Structural changes in the extracted fractions have been monitored by MS and
HSQC NMR, in order to correlate molecular structure, connectivity of the
lignocellulosic components and extractability.
Consequently, the influence of the hemicellulose substitution pattern (acetylation,
glucuronation) and the connectivity between hemicelluloses and lignins (LCCs)
on the recalcitrance of hemicelluloses extraction has been assessed.
Of relevance to this thesis, the discussion will focus on two issues: the structural
details of LCC, with new insights coming from the hemicellulose skeleton of it,
and the impact of this on recalcitrance.

3.4.2.1 Mass balance, composition and molar mass studies
The extraction yield was about 30 wt% with reference to starting material of
which the polymeric fraction constituted 23 wt%.

62

Results and Discussion

In terms of composition, it can be seen that glucomannan, lignin and, to some
extent, pectic compounds were the major components of B1 (Figure 19).
Moreover, SEC studies of the extract shows a bimodal molar mass distribution
centered at 105 – 106 kDa together with smaller fractions of 5 kDa.
More than half of all Birch xylan (56.1%) is extracted throughout the entire SWE
process, particularly in B2-B4 where both the purity (around 95 wt% of the total
carbohydrate content) and the molecular weight is high (ca 20 kDa).
Both B5 and especially B6, on the other hand, show a drastic decrease in the xylan
extraction yields as well as in the molar mass which can be linked to
depolymerization occurring during hydrolytic processes.
The fact that lignin content is increasingly higher could be justified by the
dissolution of LCC fragments due to progressive cleavage of lignin bonds.

Figure 19: Lignin content and monosugars composition of the Birch chips, the consecutive
extracts and the residue (left); Molar mass distributions of the extracts (right).

3.4.2.2 On degree of substitution of 4OMGA in xylan
The glucuronic acid to xylose molar ratio (4OMGA:X) in the extracts significantly
increased with extraction time (Figure 20, blue line).
To further investigate the distribution of 4OMGA side groups during SWE of
Birch, the extracts (B1-B6) were subjected to enzymatic digestion with a glucuronoxylanase (GH30). This enzyme, recognizing specifically 4OMGA
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substitution at the -2 position of the enzymatic active site, releases acidic
oligosaccharide and enables the identification of the glucuronic acid spacing. 128,129
The oligomeric mass profiling (OLIMP) of the digested aldouronic acid
oligosaccharides (UXOs) was subsequently analysed by Electrospray Ionization
Mass Spectrometry (ESI MS).
The extracts were analyzed before and after deacetylation to confirm that potential
steric hindrance of the acetyl groups does not affect glucuronoxylanase activity.
It was observed that the distribution of UXOs, in both acetylated and deacetylated
extracts, spaced 4OMGA from every 3 to 8 xylose units, with a major relative
intensity of isomer X5U (4OMGA every 5 xylan units) for the initial extracts (B1B4). The relative abundance of smaller UXOs (isomers X3U and X4U) increases
in the more recalcitrant xylan extracts obtained at later stages (B5-B6), in
agreement with the higher 4OMGA:X ratio detected with at longer extraction time
(Figure 20, blue line).

Figure 20: Degree of acetylation (red, DAc) and 4OMGA content (blue) in Xylan (X) of
the different fractions.

3.4.2.3 Acetylation pattern during SWE of Birch
The acetylation degree on mannose- and xylose- units in the extracts were
determined semi-quantitatively by HSQC as a function of extraction time. These
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results were found to be comparable with data obtained by High-Performance
Liquid Chromatography (HPLC) after saponification (Figure 20, red lines).
The B1 fraction showed heavily acetylated mannans and xylans, in agreement with
our previous studies on ball milled Birch (Section 3.1.6). The highest degree of
acetylation in extract B1 may be correlated with the mobility of the mannan and
xylan populations, which may favour their extractability at shorter times since it is
known that the solubility properties are highly dependent on the acetylation
degree. Thereafter, the acetyl content drastically decreases with extraction time in
the xylan-rich extracts B2-B6. This decrease may be caused by autohydrolysis
despite the buffered pH used in the extraction.
OLIMP approach was adopted also to study the evolution of the acetylation
pattern with extraction time. During the first stages of extraction (B1-B3), there is
a distribution of differently acetylated isomers for each XnU species,
corresponding to an average of 1 acetyl group per 2-3 xylose units.
In extracts coming from prolonged extraction time (B4-B6), acetylation drastically
decreases, correlating with the results in Figure 20 (red lines). This decrease might
indicate differences in the acetylation pattern in distinct xylan domains, or might
arise from deacetylation with prolonged extraction times.
All in all, X5UAc3 (4OMGA and 3 acetyl group every 5 xylan units) is the most
abundant isomer in the initial extracts B1-B3; X5UAc and X5UAc3 become the
most abundant isomers in B4, and a major abundance of X5UAc is observed for
the latter extracts B5-B6.
The role of these in lignin connectivity will be discussed in the next section.

3.4.2.4 Qualitative aspects of Lignin and LCC structure
The extracted lignin structure studied by HSQC is substantially enriched in aryl
ether linkages βO4 (Table 10). This is in agreement with the typical linear lignin
structure in hardwoods130 and is specifically in line with our analysis on native
Birch wood lignins (Section 3.1.6). The aryl ether structures are mostly
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maintained throughout the extraction process until longer extraction times are
reached (extracts B5-B6), where a relative increase of the  structures is
observed. The increase in condensed structure is likely to be result of an
enrichment of carbon-carbon inter-unit linkages at the expense of the partial
cleavage of aryl ether linkages.123,124,125,126
Spirodienone (SD) structure is known to be sensitive and would convert to β1 type
structures, which unfortunately may overlap with signals from β5 type structures.
The presence of SD in extracts B1 and B2 may thus indicate that these lignins are
more native in structure. The β5 content in hardwoods is generally low and some
fractions are devoid of such structures, while the last fraction (B6) had the highest
levels. This suggests that β5 structures constitute part of the recalcitrant network
of enriched structures, which are extracted later.

Table 10: Semi-quantitative determination (% of C9 units) of lignin structure and LCC
detection by HSQC.

Lignin structure by NMR (% of C9 units)
Error


±2.42


±0.08


±0.69

SD

% C9

Condensed
/ Non
Condensed

LCCs detected
PG

BE

GE

D
D

D
-

-

-

B1

64.52

0.64

6.99

2.48

11.83%

B2

59.68

0.78

8.06

1.5

14.81%

D
D

B3

64.52

-

8.33

-

12.92%

-

B4

67.74

-

9.09

-

13.42%

-

-

-

D

-

D

-

B5

56.45

-

B6

42.74

1.52

10

-

17.71%

-

9.31

-

25.35%

-

- = Not detected. D = Detected

Phenylglycosides (PG) were detected in the initial extracts (B1-B2) and barely
noticeable at longer extraction times (Table 10). The early extraction of PG
suggests that they are easily accessible and soluble. Similarly, -ester linkages
between 4OMGA and C of lignin (GE) were detected in the early extracts (B1).
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Benzyl ethers (BE), although detected also in the early extracts (B1-B2), begin to
be more prevalent in the extracts towards the end of the SWE (B5-B6, Table 10).
In the B6 extract, where the BE signals are the strongest, the βO4 content was
lower. It is likely that cleavage of some βO4 in lignin and glycosidic bonds in
hemicellulose, both within the LCC network, rendered the molecule soluble with
retained BE linkage.
From this section, qualitative structural assessment of recalcitrance can be
deduced as summarized in Figure 21. Initially, phenyl glycosides are dissolved
and associated lignin is rich in aryl ether linkages. Glucomannan is also
predominant. The aryl ether content of solutes decreases gradually and recalcitrant
lignin structures, mainly resinol structures, begin to dissolve. In addition, benzyl
ethers also dissolve later and interestingly seem to be associated to xylan with
tighter patterns of glucuronation.

Figure 21: Correlation between molecular features of hemicellulose, lignin, LCCs and
recalcitrance. GGM=galactoglucomannan, 1X-Ac=high acetylated xylan with low degree
of glucuronation; 2X-4OMGA=low acetylated xylan with high degree of glucuronation.
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3.5 Rationalization of LC bond formation (Paper II, III, V)
Initially, the “to be” amount and type of LC bonds in the plant cell wall is preset
by the level of acetylation in hemicelluloses, which occurs at C2 and C3 hydroxyls;
the same location where LC ether bonds have been located if not at C6.
For these reasons, heavily acetylated populations in hemicellulose can only form
phenyl glycosides through C1 on sugar unit by a yet unknown mechanism.
The relatively lower acetylated populations form benzyl ethers at C2 or C3 in the
case of xylan. Side chain involvement e.g. arabinose and galactose in xylan and
glucomannan, respectively, are also readily accessible for benzyl ether formations.
Formation of benzyl ethers is, however not competitive with the addition of water
(Section 3.2.2), meaning that if they are formed, water presence must have been
limited.
Thus, we propose that the benzyl ester form first based on the strong nucleophilic
character of the carboxylate (Section 3.2.2 - 3.2.3), locking the growing lignin
molecule to the xylan. Then, increasing hydrophobicity with lignin growth leads
to water extrusion locally, giving access of quinone methide intermediate (Figure
8) to hydroxyls on the xylan. This scenario suggests that benzyl ether and LC ester
linkages may occur on the same molecule, and it is supported by the association of
the tighter patterns of glucuronation with benzyl ether linkages in LCC (Section
3.4.2).
The formation of LC ethers to glucomannan was not observed in our experiments
and may be explained by the lack of acidic groups on the molecule to initiate the
first interlocking step described above.
Thus, for LC ether formation in neutral polysaccharides, if formed in the cell wall,
other initiating mechanisms may be responsible, e.g. transglycosidation to initially
form phenylglycosides may serve to lock the structures, subsequently promoting
ether formation.
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3.6 From fundamental LC bond formation mechanisms to
material concepts (Paper VI)
Wood itself, as a high strength composite material, should inspire material
science. More specifically, the idea of a complex network of interlinked lignin and
hemicellulose with biodegradable characteristics was inspiring to us.
In section 3.2 the easy formation of benzyl esters (BEst) LC bonds was
demonstrated. Based on the mechanistic formation of BEst by polymerization of
coniferyl alcohol (CA) to form native lignin, we sought to develop a green
biomimetic method to functionalize lignin in one-pot during its polymerization,
tailoring its properties for suitability in material synthesis.
Interestingly, CA production through current pulping technologies has been
demonstrated and is discussed in more detail in the Paper VI.
Herein, the chemistry of benzyl ester (BEst) formation was utilized to create a
handle on the lignin skeleton, which could be used for material synthesis.
Accordingly, synthetic lignin, commonly referred to as dehydrogenation polymer
(DHP), was produced in the same way as described in section 3.2 but with
addition of a bi-functional monomer consisting of at least one carboxyl group. The
other functionality was a variable, depending on the targeted properties or
synthesis chemistries to be adopted on the functionalized lignins (Figure 22).
For instance, O-acetylation, which capped the C hydroxyl, can be viewed to
modulate lignin reactivity whereas polyols, that could further be functionalized,
were introduced by glucuronylation.
Functionalization with furan derivatives and maleimidohexanoic acid (MHA)
introduces the di-ene and dienophile functionalities, respectively. Both could
subsequently be exploited in classical Diels-Alder (DA) reactions, introducing
possibilities for recyclable polymers/materials through the retro-DA reaction.131
Finally, -acylation with allyl acetate introduces ene-functionality.
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These modification alternatives demonstrated the platform nature of the synthetic
approach. In addition, benign solvents such as pure water or 50% acetone 132 were
used. The functionalization concept presents opportunities for green production of
lignin-based recyclable biomaterials.

Figure 22:  acylation mechanism on the electrophilic site of quinone methide formed
before a O4 coupling (up); bi-functional monomers adopted for functionalization of in
vitro synthesized lignins.
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3.6.1

SEC analysis of -acylated DHP

Pure water system. When pure water was adopted as a solvent, both reference
and mono-functionalized DHP precipitate from solution, due to increased
hydrophobicity when the degree of polymerization (DP) reached approximately 56 units (Mn ≈ 1000-1200; Mw ≈ 1500-2000). The exception was FDCA-Lignin;
here, the DP was ~ 10 (Mn ≈ 1750; Mw ≈ 3500) likely due to the coupling of both
carboxylates to two different lignin molecules.
In all cases, polydispersity of DHPs, with or without functionalization, was less or
equal to two which is attractive for polymer/material synthesis.
50% Acetone system. For this system, the functional monomers adopted were
FPA, MHA and AA (Figure 22). Although no dramatic differences in DP were
observed for FPA-, MHA-, AA-Lignin, almost a two-fold increase in molecular
weights was observed for reference DHP polymerized in 50% acetone (Mn ≈
1700; Mw ≈ 3250) when compared to the reference in pure water.
This indicates that molar mass of the functionalized lignins can be tailored by
polarity difference of solvent systems adopted.

3.6.2

NMR analysis: from diagnostic structural analysis
to proofs of connectivity

A combination of both one-dimensional and two-dimensional NMR techniques
was applied for detailed structural analysis.
Table 11 reports the structural analysis of DHPs lignin inter-units linkages.
A significant difference is observed in the O4 amount of the references DHP
with the one polymerized in aqueous acetone system, having a 30% higher
content. It is also observed that each functionalization results in a lignin skeleton
with unique inter-unit composition.
These differences highlight the role of the different synthesis environments such
as solvent polarity, pH differences or effects from nucleophile strength of
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functional monomers on the outcome of lignin structure; manifesting the expanded
possibilities to tune lignin structure and therefore properties during its synthesis
through synthesis conditions.
The degree of functionalization can be defined as the number of inserted
functionality per 100 monolignols. Higher functionalization was obtained for
aqueous/acetone system with AA-Lignin reaching the highest value of 34%
followed by FPA- and MHA-Lignin whose functionalization was slightly higher
than 20% (Table 11, BEst).

Table 11: Semi-quantitative structural analysis (% of C9 units) of DHP-Lignin skeleton by
HSQC.

HSQC Semi-quantitation (% of C9 units)
Pure water system


BEst


DBDO
SD
CA

Water/Acetone 1:1

Error
(%)

Ref.
(water)

AcL

GluAL

FAL

FDCAL

Ref.
(acetone
50%)

±2.0

21

9

19

12

8

32

7

8

5

±1.5

-

16

2

7

5

-

22

21

34

±2.5

27

25

30

28

31

24

24

20

16

±2.0

24

25

23

23

20

19

28

20

14

±0.5

2

2

2

1

-

3

8

4

4

±0.5

1

1

1

1

-

2

1

1

2

FPAL

MHAL

AAL

±2.5
26
25
29
30
32
25
30
24
22
L = Lignin, BEst = C/Hof benzyl ester, - = Not detected. Nomenclature of functionalized lignin
can be found in Figure 22.

As -acylation occurs in O4 sub-units, the efficiency of functionalization
(FE%) can be calculated as a function of the total amount O4 as shown in
Equation 2, using HSQC integral values reported in Table 11.
𝐹𝐸% = 100 ∗

𝛽𝑂4𝐶𝛼 (𝑒𝑠𝑡𝑒𝑟𝑖𝑓𝑖𝑒𝑑)
𝛽𝑂4𝐶𝛼(𝑒𝑠𝑡𝑒𝑟𝑖𝑓𝑖𝑒𝑑) + 𝛽𝑂4𝐶𝛼(ℎ𝑦𝑑𝑟𝑜𝑥𝑦𝑙𝑎𝑡𝑒𝑑) +𝛽𝑂4 𝐷𝐵𝐷𝑂

Equation 2: Calculation of efficiency of -acylation (FE%) occurring in O4 inter-unit
linkage.
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Also for FE%, the highest values calculated were obtained for the synthesis
performed in water/acetone system, with AA acylation showing the highest value
(79%) followed by MHA, O-Acetylation and FPA at approximately 60%.
All in all, looking at both degree and efficiency of functionalization, DHPs
obtained in water/acetone system were more efficiently functionalized.
This outcome was expected as in this solvent system, the reference DHP was more
O4 enriched than that in water (Table 11).
Last but not least, among all carboxylates analyzed (Figure 22), the favorable
acylation of lignin with AA-, MHA- and FPA- is probably due to their stronger
nucleophilic character. In addition, the longer aliphatic chains carrying the
carboxylate moiety in the bulky FPA and MHA molecules could also be a factor
which improves the accessibility towards C in quinone methide when compared
to e.g. FA and FDCA.
HSQC studies confirmed that the functionalization had occurred with excellent
selectivity on benzylic carbon (C over C of lignin, supporting the suggested
mechanism of in vivo benzyl ester formation in wood.
Diagnostic C/H correlations in BEst, appearing at approximately 74.8/5.92 ppm,
attested to the selectivity of functionalization.
However, in MHA-Lignin, weak signals assigned to O4 in Cesterified
structures were detected (63-64/3.8-4.3 ppm). Their presence could be explained
by both acyl migrations as previously explained (Figure 8) and by ring opening
reactions of the MHA due to nucleophilic attack of primary hydroxyls in C of
lignin.
Conversely, no sign of such ring opening reactions were detected in the case of
FA functionalized lignin, demonstrating the stability of furan ring during the
synthesis.
Diagnostic evidences of -acylation for the MHA- and FPA-Lignin synthesized in
acetone/water system were obtained through HMBC and HSQC TOCSY studies
(Figure 23a, MHA system; Figure 23b, FPA system).
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These above-mentioned NMR techniques, correlating multiple bonds, provide
proofs of connectivity between atoms within the same (TOCSY) but also different
(HMBC) spin systems.
In this context, we further corroborated that BEst can indeed form in aqueous
solution even at superior stoichiometry in favor of water. Such combination of
several NMR techniques in combination with enrichment of the studied linkages
are what is required to provide definite proof of linkages as has previously been
done for studies on lignin structure.
Such evidences, revealed by rigorous NMR studies are now emerging for LCC;
Watanabe and coworkers have unequivocally shown presence of -ether linkage
glucomannan LCC from Japanese red pine.51
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Figure 23: Expanded spectra of HSQC, HMBC and HSQC TOCSY of a) MHA-Lignin and
b) FPA-Lignin. HMBC shows 3 bonds correlation of proton in -positionwith carbons in
a(C), b(C2), c(C6), d(C1) and carbonyl (e) which in turns correlates with aliphatic signals in
g and h of functional group (MHA and FPA). HSQC TOCSY shows the correlation of the
 proton with those of the  (a) and hydroxylated  (f) in O4 structures
confirmingselectivity of functionalization.
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3.6.3

Testing materials concepts

Merging the data collected (HSQC, SEC) it is possible to gain deep insights on the
molecular structure of functionalized lignin.
For instance, AA-Lignin has a degree of functionalization of 34% with an amount
of cinnamyl end group (Figure 6, CA) accounting for 22%. On the average,
considering that the DP is 6, the AA-Lignin is tri-functional in the –ene
functionality (Figure 24, left).
Similarly, the MHA-Lignin and FPA-Lignin fractions have a DP of about 6-8 and
functionalization degree of about 20%. This means that they, on average, have one
functional group inserted per molecule. Furthermore, they also have one cinnamyl
alcohol end group per molecule (Cinnamyl structure > = 20%, Table 11).
The MHA-Lignin and FPA-Lignin polymers are thus bi-functional in the enefunctionality. These three functionalizations are particularly interesting for
polymer/material synthesis and are discussed in detail in the next section.

Figure 24: Typical Structures of AA-lignin, MHA-Lignin and FPA-Lignin.
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3.6.4

Thiol-ene reaction test

Thiol-ene chemistry consists in the addition reaction of thiols on alkenes.
Often promoted by radical initiators or thermally, it is performed under mild
conditions usually providing high yields and harmless by-products.133
In material science, it has been shown to be a versatile tool with applications in
surface modification, grafting, polymerization of thermoplastic materials and
curing of thermosetting resins.
Herein, we investigated the feasibility of thiol-ene reaction on the greenly
synthesized allylated lignin (AA-Lignin, Figure 24, left) using a mono-function
thiol (methyl 3-mercaptopropionate, M3MP). When the reaction was performed
on AA-Lignin without any further modification (bulk, 24 hours at 120 °C, initiator
free) only a trans-esterification reaction between reactive primary hydroxyls of C 
in cinnamyl end group (CA) and the ester-ended thiol occurred (Figure 25).

Figure 25: HSQC spectrum in DMSO-d6 of AA-Lignin after thiol-ene reaction. GE peak
indicate C acylations while the arrow shows the consequent up field shift of CA.
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This was manifested in appearance of new signals, in HSQC studies, assigned to
C esters on the lignin (GE peak:
field shift of the C in CA (from

13

C/1H: 63.5/4.17-4.27 ppm) resulting in an up

13

C/1H: 128.6/6.23 ppm to 124.4/6.1 ppm) as

shown in Figure 25.
Subsequently, thiol-ene reaction was performed on the acetylated AA-Lignin.
Lignin acetylation was necessary to cap otherwise reactive free hydroxyls.
AIBN (5%) was used as radical initiator and therefore the temperature was
lowered to 80 °C to increase the life-time of AIBN.
Disappearance of unsaturated carbon peaks (Figure 26a, signals 66 of cinnamyl
alcohol and signals a-b of allyl end group) suggests the formation of new aliphatic
bonds due to thiol-ene reaction. Moreover, HSQC analysis on AA-Lignin after
thiol-ene reaction shows a diagnostic signal at 13C/1H: 45.9/3.17 ppm.
HMBC confirmed the addition of thiol in  position of CA manifested in the
alignment of C(e), C(g) and C(d) with the  proton in lignin (Figure 26a).
HSQC TOCSY (Figure 26b) combined with

13

C APT were key analyses to

confirm thiol addition to allyl functionality in AA.
The result supported an anti Markovnikov reaction 134 which would create
diagnostic methylene signals in the same spin system. More specifically, HSQC
TOCSY revealed cross peak correlation between new formed aliphatic signals at
13

C/1H: 31.1/2.47 ppm (h), 28.7/1.53 ppm (i), 23.8/1.62 ppm (l) as shown in

Figure 26b, while 13C APT confirmed that all were methylene signals.
Overall, these reactions demonstrated that thiols could be inserted into the
structures selectively following an acetylation capping reaction of reactive
hydroxyls.
The utilization of multi-functional thiols as cross linkers would, finally, result into
new lignin-based thiol-ene thermosets.
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Figure 26: Expanded (a) HSQC, HMBC and (b) HSQC TOCSY spectra of acetylated AALignin before and after thiol-ene reaction. a) In the aromatic region, it is evident the
disappearance of unsaturated carbon peaks (6-6 of cinnamyl alcohol and a-b of allyl end
group) after thiol-ene reaction. HMBC shows the alignment of C(e), C(g) and C(d) with
 proton of reacted cinnamyl alcohol; b) HSQC TOCSY reveals cross peak correlation
between new formed methylene signals h, i, l.
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3.6.5

Diels-Alder reaction test

The Diels-Alder reaction (DA) is a powerful approach for fabrication of complex
molecular architectures. In material science it represents one of the most exploited
pathways for the construction of reversible materials and an essential instrument
for the synthesis of bioactive natural products.
For instance, furan-based DA systems have been deeply exploited in the
fabrication of linear macromolecules for reversible poly-condensation processes or
for reversible cross-linking resins.135
Our target was to achieve chain elongation by DA reaction using the synthetized
-acylated DHPs. Firstly, FPA- (di-ene) and MHA- (di-enophile)-Lignins were
mixed and subjected to the DA reaction but no signals related to the DA product
were observed (Figure 27). The reason for this became clear when HSQC studies
confirmed the sensitivity of the MHA towards ring opening due to esterification of

Figure 27: HSQC spectrum in DMSO-d6 of Diels-Alder (DA) trial done with MHA-Lignin
and FPA-Lignin. GE peak shows C acylations in O4 substructure.
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primary alcohols (C) as earlier observed with M3MP (Section 3.6.4, Figure 25).
Diagnostic peaks observed were both C acylation in O4 structure (Figure 27, GE
peak) and appearance of 1 and 2, unsaturated signals in the opened ring of MHA
(Figure 27). Secondary alcohols, present in C, did not take part in the
esterification, probably due to sterical hindrance or because less reactive than
primary ones. Therefore, the sensitivity of MHA-Lignin led us to abandon its use.
Instead, Maleimide monomer (M) was adopted for a DA reaction with FPALignin performed in DMSO-d6 (50 °C, 4 days, 15% wt/v solution).
Diagnostic

13

C/1H correlation peaks (Figure 28a) appear at 135.2-137.8/6.3-6.4

ppm for the newly formed unsaturated signals (cross peaks in f and e), two signals
at 78.0/5.12 and 79.8/5.0 ppm for the carbons bridged by oxygen (cross peak a)
and two couple of signals at 49.6/2.74, 51.3/2.94 and 50.5/3.15, 49.3/3.55 ppm
assigned to the newly formed saturated carbons (cross peak b and c).
A conversion of about 60% was estimated by dividing the sum of the volume
integrals of the signals b for endo- and exo- products, with a characteristic signal
of unreacted FPA-Lignin (3, 13C/1H: 141.5/7.47 ppm). An increase in molar mass,
suggested by SEC traces, resulted from DA reaction (Figure 28b).
A thorough analysis on model compounds by 1H NMR allowed the discrimination
of such signals relative to the exo- and endo- forms of the adduct (Figure 28c).136
Specifically, the exo- adduct accounts for the 82% (Figure 28a, signals a1-e1)
while the endo adduct (Figure 28a, signals a2-e2) accounts only for the 18%.
The retro DA reaction occurred at 130 °C but it was also accompanied by cleavage
of the ester linkage between lignin and FPA. The disassembly aspect of the retroDA reaction presents added advantage of recyclability of such materials where
benzylic carbon presents a strategic point in the proposed recycling philosophy.
Thus, here, we demonstrated that the DA reaction on a green functionalized lignin
was possible. This specific DA product could find use in chain extension
chemistries if reacted, for instance, with bi-functional amines for thermoplastic
applications.
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Figure 28: a) HSQC spectrum in DMSO-d6 of Diels-Alder (DA) reaction from DHP-FPA,
b) SEC chromatogram of FPA-Lignin before and after DA, c) 1H spectrum of monomers
FPA+M and its expansion in the red rectangle. 1 and 2 stands for exo- and endodiastereoisomers whose orientation between protons in a (Ha) and b (H1/H2) is shown.
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4. Conclusions
The existence and formation of covalent linkages between polysaccharides and
lignin (LCC) are crucial to the understanding of wood formation and processing.
In this respect, the methodologies adopted to isolate and analyse them must
preserve their inherent structures and minimize any possible structural changes.
Thus, we have developed a universal and mild protocol for isolation of LCCs in
quantitative yields. For deeper insights at molecular level, an analytical toolbox
consisting of several NMR techniques, SEC and GC MS was applied.
LC bonds were shown to be present in the ball milled wood fractions and
consisted of phenyl glycosides, benzyl ether and -esters. Moreover, a detailed
analysis of hemicellulose skeleton of LCC led us to propose that acetylation on
hemicelluloses played a key role in regulating LC bonds of the benzyl ether type.
Novel bio-mimicking of in vitro lignin polymerization was adopted to investigate
if LC bonds could form at cell wall proximate conditions, with the advantage of
omitting harsh fractionation. In this context, the possibility of LC bond of the
ester-, ether- and phenyl glycoside types to form was demonstrated substantiating
their origin in wood.
Investigations of the role of LC bonds in recalcitrance during sub-critical water
showed that -ester and especially benzyl ethers played important roles in addition
to other structural changes such as acetyl transfer and lignin re-polymerization.
In addition, sequential subcritical water extraction allowed for isolation of
different populations and it was shown that highly glucuronated xylan populations
seemed to be associated with benzyl ethers, suggesting that formation of LC esters
and benzyl ethers were closely connected.
Finally, a platform for green production of functionalized lignin of interest to
material science was developed based on our fundamental LCC mechanistic
studies.
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6. Appendix

Appendix 1: Primary lignin monomers (left) and lignin polymer units (H, G, S) denoted on
the basis of the methoxyl substitution on the aromatic ring (right).

Appendix 2: HSQC spectrum in DMSO-d6 of Fraction 3 isolated from Spruce.
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