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ABSTRACT 

Lignocellulosic biomass is believed to serve a prominent role in tomorrow’s 

sustainable energy and material development. Among the polysaccharide fractions 

of lignocellulosic biomass, the potential of hemicelluloses as a valuable material 

resource is increasingly recognized. Thanks to their hydrophilic structure, 

hemicelluloses are suitable substrates for hydrogel design. The work summarized in 

this thesis aims to develop feasible strategies for the conversion of O-acetyl 

galactoglucomannan (AcGGM), an ample hemicellulose in softwood, into 

hydrogels. Within this framework, four synthetic pathways targeting the formation 

of crosslinked hydrogel networks from pure or unrefined AcGGM fractions were 

developed. 

 

Aqueous AcGGM-rich and lignin-containing side-stream process liquors of forest 

industry, known as softwood hydrolysates (SWHs) were formulated into highly 

swellable hydrogels by: i) allyl-functionalization of AcGGM chains of crude SWH 

to obtain a viable precursor for hydrogel synthesis via free-radical crosslinking, ii) 

directly incorporating unmodified SWH fractions into semi-interpenetrating 

polymer networks (semi-IPNs). SWH hydrogels and semi-IPNs were characterized 

with appreciable maximum swelling ratios of Qeq = 170 and Qeq = 225, respectively. 

 

Rapid crosslinking of AcGGM through thiol-click chemistry was addressed by first 

imparting thiol functionality onto pure AcGGM chains in a one-pot procedure. The 

thiolated AcGGM proved to be a suitable substrate for the synthesis of 

hemicellulose hydrogels via thiol-ene and thiol Michael addition reactions. Finally, 

sequential full IPNs were developed by subjecting single network hydrogels of pure 

AcGGM to a second network formation. IPNs obtained through either free radical 

crosslinking or thiol-ene crosslinking exhibited higher shear storage moduli than 

their single network counterparts.   

 

Keywords: hemicellulose, O-acetyl-galactoglucomannan, wood hydrolysate, 

hydrogel, radical polymerization, interpenetrating polymer network, click 

chemistry, thiol-ene, Michael addition 



 

SAMMANFATTNING 

Biomassan lignocellosa tros komma att spela en allt större roll i framtidens 

förnybara energi- och materialproduktion. Utav lignocellosans polysackarider så har 

hemicellulosans potential som värdefull materialresurs blivit allt mer erkänd. Tack 

vare hemicellulosans hydrofila struktur möjliggörs dess användning som substrat 

för hydrogeler. Arbetet som sammanfattats i denna avhandling har syftat till att 

utveckla genomförbara strategier för omvandlingen av O-acetyl 

galaktoglukomannan (AcGGM), som är en stor beståndsdel av hemicellulosa i 

barrträd, till hydrogeler.  Inom detta arbete så har fyra formuleringsmetoder 

utvecklats för bildningen av korslänkade nätverk i hydrogeler från rena eller 

obearbetade AcGGM fraktioner. 

 

Vattenbaserat AcGGM-rikt och lignininnehållande sidoströmmar av processvätska, 

som i skogsindustrin kallas barrvedshydrolysater (SWHs), formulerades till 

hydrogeler med hög svällningsgrad genom: i) allyl-funktionalisering av AcGGM 

kedjor av rå SWH; försteg till hydrogel syntes via friradikal-tvärbinding, ii) direkt 

inkorporering av obehandlad SMH-fraktion i halv-interpenetrerande 

polymernätverk (semi-IPN). Hydrogeler av SWH och semi-IPN karaktäriserades 

med de maximala svällningsförhållanden Qeq = 170 respektive Qeq = 225. 

 

Snabb tvärbindningsreaktion av AcGGM uppnåddes med hjälp av tiolklick-kemi, 

tiolfunktionalitet tilldelades obearbetade AcGGM kedjor genom ett 

enstegsförfarande. Tiolerad AcGGM visade sig vara ett värdefullt förnyelsebart 

substrat för syntes av hydrogeler av hemicellulosa via tiol-en och tiol-Michael-

additionsklickreaktioner. Slutligen så uppnåddes en fullständig sammansättning av 

IPN-strukturer med hjälp av en sekventiell syntes, detta utfördes genom en andra 

nätverksbildning av singelnätverk bestående av AcGGM-hydrogeler. IPN-strukturer 

som tvärbundits genom friradikal-tvärbindning eller tiol-en-tvärbindning uppnådde 

en högre skjuvmodul än singelnätverk med samma sammansättning.  

 

Nyckelord: hemicellulosa, O-acetyl-galaktoglukomannan, trähydrolysat, hydrogel, 

radikalpolymerisation, interpenetrerande polymernätverk, klick-kemi, tiolen, 

Michael-addition 
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1 PURPOSE OF THE STUDY 

The potential of hemicelluloses derived from lignocellulosic biomass as a 

renewable resource for material design has recently been widely recognized. 

However, effective implementation of these polysaccharides in product design 

requires chemical modification techniques that allow for the facile conversion of 

biomass hemicelluloses to final products. In this study, we aspired to design and 

develop synthetic pathways enabling the transformation of hemicelluloses of 

different purity grades into hydrogels. The specific aims of this thesis were: 

 

 To design a versatile sequential pathway for the conversion of unrefined 

hemicellulose-rich process liquors of pulp industry into highly swelling 

gels. 

 

 To develop a green strategy for the direct incorporation of crude 

hemicellulose-rich forestry process liquors into highly swellable semi-

interpenetrating polymer networks (semi-IPNs). 

 

 To demonstrate a one-pot hemicellulose thiolation route to achieve a viable 

precursor for the subsequent synthesis of hemicellulose-based products via 

click chemistry. 

 

 To fabricate full interpenetrating hemicellulose networks as a strategy for 

the enhancement of hydrogel modulus. 
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2 INTRODUCTION 

2.1 BACKGROUND 

Utilization of ubiquitous renewable macromolecules as an alternative to the 

constant exploitation of fossil-based resources, is considered a significant 

contributor to the establishment of a more sustainable society.
1
 Among biomass-

derived renewable biopolymers, are the abundant yet fairly unexploited 

hemicelluloses. Valorization of hemicelluloses as a valuable feedstock for material 

design has hence attracted much attention. However, before instituting the use of 

hemicelluloses as a path forward, realistic possibilities must be explored and the 

groundwork must be laid. Occasionally, the chemical structure or inherent 

properties of these biopolymers must be tuned to adapt to specific applications.
2
 

Fortunately, the polyhydroxyl main chain of hemicelluloses is a great substrate for 

numerous chemical and enzymatic functionalizations. Imparting desired 

functionalities is frequently the initial step toward transforming these natural 

polymers into engineered products. When taking such essential steps, much 

attention must be paid to the design of synthetic methodologies and the selection of 

co-components, so that the inherent sustainability of such renewable resources is 

not compromised. 

2.2 HEMICELLULOSES  

Hemicelluloses, are a class of non-cellulosic polysaccharides that constitute 

between 20 and 35% of wood dry mass.
3
 Together with cellulose and lignin, 

hemicelluloses contribute to the formation of the structural matrix of plant cell wall. 

In addition to wood, these carbohydrates are also found in other higher plants such 
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as grasses and cereals.
3,4

 Unlike cellulose, hemicelluloses are amorphous 

polysaccharides with often branched copolymeric structure, hence,  they are often 

known as heteropolysaccharides.
2,3

 Depending on their origin, hemicelluloses 

display great structural diversity; as their chemical composition, type of pendent 

groups, degree of branching, and their molecular weight vary significantly. Their 

principal building units consist of hexose and/or pentose sugar molecules. 

Hemicellulose hexoses often include D-mannose, D-glucose, and D-galactose. The 

pentoses are comprised of D-xylose and L-arabinose. Wood hemicelluloses 

predominantly appear with a linear backbone composed of a β-(1→4)-linked 

succession of sugar residues in pyranose ring form.
3
 The backbone is also partially 

substituted with short branches. In softwood, the major share of hemicellulose 

building blocks is comprised of hexoses whereas in hardwood, pentoses are the 

predominant sugar residues. Irrespective of their origin, O-acetyl substituents often 

appear on the repeating units of hemicelluloses.
3
  

 

Softwood hemicelluloses are extensively made of (galacto)glucomannans; arranged 

in a linear fashion from (1→4)-linked β-D-mannopyranosyl and β-D-glucopyranosyl 

sugar residues, with a glucose to mannose ratio of 1:3-4.
2,3,5

 Some mannose residues 

of (galacto)glucomannans carry pendant D-galactopyranosyl residues attached via 

an α-(1→6)-linkage. In addition, native softwood galactoglucomannans are also 

partially acetylated with O-acetyl groups present at C2 or C3 positions of the 

mannose residues.
5
 The most common softwood hemicellulose is therefore known 

as O-acetyl-galactoglucomannan (AcGGM, Figure 1), which can be isolated from 

Nordic softwood species (e.g. spruce) through a variety of pulping processes. 
 

 

Figure 1 Representative chemical structure of a section of softwood AcGGM chain 
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2.3 WOOD HYDROLYSATES 

Pulp industry can potentially yield large quantities of hemicelluloses as by-products 

of established forestry processes such as thermomechanical pulping,
6
 Kraft 

pulping,
7
 and fiberboard production.

8
 These hemicelluloses can be recovered 

through various isolation strategies that are designed according to the pulp origin 

and the employed pulping technique. Hydrothermal treatment or pretreatment,
9-11

 

and cooking of wood chips under acidic or alkaline condition
2
 are among 

commonly used methods of hemicellulose extraction. In consistence with the type 

and severity of the extraction technique, hemicelluloses in poly-, oligo- and/or 

monosaccharide form, are then released into the extraction medium, creating an 

aqueous by-product. Such aqueous process liquor side-streams that are rich in 

hemicelluloses and contain some lignin fragments are collectively known as wood 

hydrolysate (WH).  

 

WHs, although a resource abundant in renewable polymers (e.g. hemicelluloses), 

have conventionally been incinerated for energy recovery. That is partly due to the 

difficulties associated with complete isolation, purification and fractionation of the 

hemicelluloses that co-exist with other WH components. Efficient isolation and 

upgrading is often accomplished through multi-step chemical and physical 

treatments that render hemicelluloses less economically feasible resources.
12

 To 

address this issue, a series of methodologies for the utilization of biomass WHs in a 

cruder state have recently been developed.
13-15

 Often, such initiatives are aimed at 

efficient utilization and valorization of this valuable biopolymer resource by 

avoiding unnecessary, time- and energy-consuming procedures. In fact, for 

applications less sensitive to the purity grade of biopolymers, WHs can be directly 

transformed into value-added products such as hydrogels,
16,17

 oxygen barriers,
18,19

 

and bio-fuels.
20,21

 This great potential presents WHs as a relatively low-cost 

renewable feedstock for a more sustainable production of everyday products. 

2.4 CHEMICAL MODIFICATION OF HEMICELLULOSES 

Inherent presence of hydroxyl groups on the repeating units of hemicelluloses, 

renders them a suitable substrate for a variety of chemical modifications. In 
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addition, their branched amorphous nature and lower molecular weight lead to a 

better solubility (than e.g. cellulose) of these biopolymers in modification mediums 

(e.g. water or DMSO) commonly used for polysaccharides.
2
 Due to this higher 

solubility, a more convenient processing and chemical functionalization of 

hemicelluloses could be accomplished, as opposed to some polysaccharide 

alternatives such as cellulose. Nevertheless, in comparison with other 

polysaccharides (e.g. cellulose, and starch), there are fewer reports on hemicellulose 

modifications.
2
 Hitherto, hemicelluloses have been modified to introduce reactive 

or ionic functional groups,
22-24

 alter their intrinsic properties (e.g. hydrophilicity),
25-

27
 enhance their processability,

28,29
 or to derive competitive precursors for material 

development.
30-34

   

 Hemicellulose-based hydrogels 2.4.1

Hydrogels are crosslinked polymer networks achieved by chemically or physically 

crosslinking polymer chains. Thanks to often hydrophilic nature of the precursors, 

hydrogels are capable of absorbing and retaining large quantities of water. 

Traditionally, the majority of commercial hydrogels have been developed from 

polymers (monomers) derived from crude oil. In line with the advances in the 

utilization of renewable natural resources, polysaccharides have been widely 

recognized as suitable hydrogel precursors.
35-42

 Hemicelluloses, although a fairly 

unexploited member of the polysaccharides family, share a range of interesting 

properties with other carbohydrates within this family. Intrinsic characteristics such 

as hydrophilicity and biodegradability render hemicelluloses a promising substrate 

for hydrogel synthesis. Furthermore, their polyhydroxyl backbone lends itself to a 

wide array of chemical
25,31,32

 or enzymatic
24

 functionalizations that can firstly 

prepare hemicelluloses for subsequent crosslinking. And in the second step, adapt 

the properties of the modified fraction in accordance with the targeted hydrogel 

application.  

 

The lion’s share of hemicellulose hydrogels have thus far been developed from 

galactoglucomannan or xylan.
41,43-48

 Introducing vinyl moieties onto hemicellulose 

backbone has frequently been practiced as a means to crosslink these biopolymers, 

through the free radical polymerization of an appropriated co-monomer.
31,49

 By 
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carefully selecting the co-component, hemicellulose hydrogels offering a variety of 

swelling and mechanical properties can be obtained. 

 Polysaccharide interpenetrating networks 2.4.2

Hydrogel networks, although extensively used in a variety of applications, often 

suffer from weak mechanical properties.
50

 To improve their mechanical 

performance, a number of methodologies have been suggested. For instance, 

synthesizing multicomponent hydrogels and reinforcing hydrogels with inorganic 

fibers
51

 or plates (e.g. clay)
52

 that afford hydrogel composites, can be mentioned. 

Another commonly practiced technique benefits from the formation of a relatively 

dense matrix of interlaced crosslinked polymer chains. Products of such structural 

designs are collectively known as “interpenetrating polymer networks (IPNs)”. 

IPNs can feature an enhanced mechanical performance together with more 

controllable physical properties compared to their single network counterparts.  

  

IPNs can be defined as “alloys” of crosslinked macromolecules synthesized in 

juxtaposition.
53,54

 IPNs are created in such a way that at least one polymeric 

network is polymerized or crosslinked in the immediate presence of  another; 

leading to a polymeric alloy consisting of interlaced macromolecular networks.
55

   

 

From a structural standpoint, these multicomponent networks can be generally 

classified into: (i) semi-IPNs, achieved by molecular scale penetration of one or 

more linear or branched polymer into a crosslinked polymer network;
54,56

 and (ii) 

(full) IPNs, fabricated by the interpenetration of two (or more) ideally juxtaposed 

polymer networks.
57

  

 

Regarding their synthetic pathway, IPNs are often categorized as sequential IPNs or 

simultaneous IPNs.
54

 In the sequential pathway, IPN is obtained by swelling a 

single network hydrogel in a mixture containing the second network precursors 

(monomer/polymeric precursor, crosslinker and initiator), followed by the 

crosslinking of the second network, Figure 2.
57

 Whereas, a simultaneous IPN is 

formed by mixing the precursors of both polymer networks, and  crosslinking the 

networks through two noninterfering crosslinking chemistries.
54

 On the other hand, 

semi-IPNs are normally synthesized by polymerizing monomers or crosslinking 
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polymeric precursors in the presence of linear or branched macromolecules, Figure 

2.
55

   

 

Figure 2 Schematic representation of the IPN formation strategies used in this work: (a) sequential 

IPN, (b) semi-IPN  

The large family of polysaccharides, with their interesting properties and abundant 

functional groups (e.g. hydroxyl groups), are ideal candidates for developing 

IPNs.
56

 Hyaluronic acid and alginate have been widely utilized in the design of 

(semi)-IPNs.
56,58,59

 In addition, IPNs based on other polysaccharides such as 

carboxymethylcellulose, chitosan and starch have also been reported.
60-62

 However, 

hemicelluloses have thus far made a relatively minor contribution to the field of 

interpenetrating polymer networks.
63

     

 Click chemistry and polysaccharides  2.4.3

The concept of reactions today known as “click chemistry” was first defined in 

2001 by Sharpless and colleagues.
64

 Reactions that are modular, wide in scope, 

generate inoffensive byproducts, give quantitative yield, and are stereospecific, 

meet the criteria for “click” reactions.
64

 Practically, such reactions should be 

insensitive to water and oxygen, and should be simple to perform under 
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environmentally benign conditions.
65

 Originally, a number of carbon-heteroatom 

bonding chemical reactions were highlighted as click reactions.
64

 However, for 

many years click chemistry research has been almost exclusively focused on the 

Cu(ɪ) catalyzed reaction of an alkyne and an azide, otherwise known as Huisgen 

cycloaddition.
65-67

 More recently, click chemistry research has also targeted other 

reactions that possess click characteristics such as thiol-based reactions.
68-70

 

 

Nonetheless, this rapidly expanding field of research has opened new avenues in the 

field of polymer science, by providing tools for a more simplified and a more 

efficient engineering of complex macromolecular structures.
71,72

 Polysaccharides, 

being a significant subgroup of natural polymers, are no exception to this rapidly 

growing field.
73

 The insensitivity of click reactions to water and oxygen can in fact 

prove useful when dealing with hydrophilic carbohydrate polymers.   

 

   Thiol click reactions  2.4.3.1

Although the hydrothiolation of a C=C bond is known for approximately a 

century,
74

 it has recently attracted researchers’ attention due to its click 

characteristics.
65

 Attributes such as rapid kinetics, proceeding under a variety of 

conditions, applicability to a variety of C=C bonds, and insensitivity to 

environmental factors (e.g. oxygen/air and moisture) render these reactions versatile 

and facile processes.
65

 From a synthetic standpoint, there are two mechanisms 

through which such hydrothiolation reactions occur: (i) the nucleophilic addition of 

a thiolate anion to an α,β-unsaturated carbonyl (thiol Michael addition),
75

 and (ii) 

the heat/light mediated formation of a thiyl radical followed by the addition of the 

thiyl to a C=C bond (thiol-ene reaction).
76

  

 

Thanks to the merits of such click reactions, thiol-ene and thiol Michael addition 

reactions can be convenient tools matching the scope of polysaccharide chemistry. 

However, for such reactions to be implemented in polysaccharide chemistry, 

imparting thiol functionalities to these natural polymers is occasionally a necessity. 

Thiolation of polysaccharides can in fact serve as an intermediate step toward the 

synthesis of various valuable products such as hydrogels. Hence, the recent years 

have witnessed a growing interest in the synthesis of so-called thiomers.
77,78

 The 

presence of pendant thiol moieties can create many new opportunities toward 
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establishing a vast number of post-modification and crosslinking reactions 

applicable to polysaccharides. 

 

  Click chemistry in hydrogel synthesis 2.4.3.2

The physical and mechanical properties of crosslinked hydrogels is directly 

dependent on their network (e.g. crosslink density) and polymer structures.
79

 

Traditionally, the fabrication of commercial polymer networks has relied on an 

excess of crosslinkable sites, and has often been achieved through free-radical 

polymerization techniques that suffer from lack of control.
80

 The uncontrolled 

nature of the crosslinking gives rise to a deficiently defined network, and interferes 

with the process of relating the final gel properties to its network structure.
81

  

 

With the advances in click chemistry, a versatile “toolbox” for a more efficient 

synthesis of well-defined polymeric networks with tailored properties has been 

recognized.
81,82

 The orthogonality and chemoselectivity of click reactions allows for 

a significantly higher control over the process of network formation.
80,83

 In addition, 

their tolerance toward other chemical functionalities is a major advantage specially 

for post-crosslinking modifications.
80

 Combining the convenience of such facile 

systems with inherent renewability and biodegradability of hemicelluloses, is 

another step towards expanding the spectrum of hemicellulose applications.
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3 EXPERIMENTAL  

3.1 MATERIALS 

N-N’-carbonyldiimidazole (CDI, 97%), acrylic acid (AA, distilled, 99%), 2-methyl-

2-propen-1-ol (MePro), triethylamine (TEA), potassium persulfate (KPS, K2S2O8), 

sodium sulfite (Na2SO3) anhydrous, sodium sulfate 99%, sodium 

carboxymethylcellulose (CMC) (Mw 90000 g mol
-1

, 0.7 carboxymethyl groups per 

anhydroglucose unit), glycidyl methacrylate (GMA, 97%), sodium hydroxide, N-

N’-methylenebisacrylamide (MBA, 99%) were purchased from Sigma Aldrich 

(Sweden). Ethyl acetate 99.9% (VWR, Sweden), dimethylsulfoxide (DMSO, 

99.98%) (Fisher, Sweden), hydrochloric acid 30% (Merck, Sweden), and sodium 

chloride ≥ 99.5% (Merck, Sweden) were all used as received. The abovementioned 

chemicals were used for the functionalization of hydrogel precursors and the 

preparation of hydrogels and semi-IPNs from softwood hydrolysate. 

 

Sodium hydride (60% dispersion in mineral oil), γ-thiobutyrolactone (TBL, 98%), 

DMSO anhydrous 99.9%, 5,5′-Dithiobis(2-nitrobenzoic acid) (Ellman’s reagent), 

ammonium chloride 99.5%, N-acetyl-L-cysteine 99%, sodium phosphate buffer 

(0.02M, pH 8), MBA (99%), were supplied by Sigma Aldrich (Sweden), and used 

as received in the synthesis of thiolated hemicellulose and hydrogels thereof.  

 

Maleic anhydride (MA, ≥ 99.0%), AA (distilled), MBA (99%), poly(ethylene 

glycol) diacrylate (PEG-DA, average Mn 575), acrylamide (AAm, ≥ 98.0%), KPS 

(99%), and sodium sulfite (anhydrous, ≥ 98%) were all supplied by Sigma Aldrich, 

Sweden. TEA (≥ 99.9%), DMSO, 2-propanol (Rectapur®), were respectively 
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provided by Fluka, Merck and VWR Sweden. All the chemicals were used as 

received in the synthesis of AcGGM based IPNs. 
 

The softwood hydrolysates utilized in this work were products of hydrothermal 

treatment of spruce wood chips in two different processes. The first hydrolysate, 

herein denoted SWHa (SWH1 in paper I), was a first spent liquor generated in a 

sulfite pulp process for dissolving pulp, kindly provided by Domsjö Fabriker AB, 

Sweden. The second hydrolysate, SWHb (SWH in paper II), was obtained from 

hydrothermal treatment of industrially screened spruce chips (Södra Cell AB), 

performed in a laboratory circulation digester at 165 °C.
84

 SWHa was precipitated 

into ethanol and dried at 60 °C prior to use, whilst SWHb was subjected to 

ultrafiltration utilizing ceramic membranes (cut-off 1000 gmol
-1

, Orélis), and 

subsequently diafiltration and lyophilization. The carbohydrate composition of 

SWHa was determined to be 45% mannose, 17% glucose, 16% galactose, and 8% 

arabinose, based on the conditions described in TAPPI standard test T249 coupled 

with ion exchange chromatography.
85

 SWHb was composed of 52.3% mannose, 15 

% glucose, 5.2% galactose, and 0.7% arabinose.
84

 Klason lignin contents of 0.6% 

and 15.0 % were determined for SWHa and SWHb respectively, according to 

TAPPI standard method 222.
86

 The number average molecular weight (Mn) and the 

dispersity (Ð) of SWHa (Mn 3500 gmol
-1

, Ð 1.95) and SWHb (Mn 2400 gmol
-1

, Ð 

1.3) were measured using size exclusion chromatography (SEC).  
 

AcGGM was extracted from the process water obtained in thermo-mechanical 

pulping of spruce (Picea abies). The extracted fraction was thereafter purified and 

concentrated by ultrafiltration (membrane cut-off 1 kDa), prior to being lyophilized. 

AcGGM was composed of 65% mannose, 17% glucose, and 15% galactose.
87

 This 

AcGGM isolate with a degree of acetylation (DAc) of 0.30 has a Mn of 7500 gmol
-1

 

and Ð 1.3, determined by SEC calibrated with MALDI-TOF-MS.
88,89
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3.2 SYNTHESIS OF HYDROGEL PRECURSORS 

 Synthesis of 1-[(1-imidazolyl)formyloxy]-2-methyl-2-propen (MePro-3.2.1

Im) 

MePro-Im was synthesized according to a previously described procedure.
31

 In a 

typical procedure, 90 mmol (6.47 g) MePro was dissolved in 40 mL chloroform. To 

this solution 100 mmol (16.23 g) CDI was added under vigorous stirring at room 

temperature, and the reaction was allowed to proceed for 2 h (Paper I). The reaction 

was then terminated by introducing 40 mL of an aqueous HCl solution (pH 3). 

Subsequently, the organic phase containing the imidazolyl-activated compound was 

extracted using a separation funnel, and repeatedly washed (with 40 mL deionized 

water) until the water phase reached a neutral pH. The organic phase solution in 

chloroform was then dried using sodium sulfate for 1 h and separated from sodium 

sulfate by filtration. Finally, a solid product was achieved after removing 

chloroform by rotary evaporation followed by drying under reduced pressure, 

Scheme 1.  

 Preparation of allyl-modified softwood hydrolysate (SWHa-al) 3.2.2

Allyl-modification of SWHa was carried out based on a method previously 

presented by our group.
31

 However, in this work the procedure was slightly altered 

by increasing the concentration of the reaction mixture and precipitating the product 

into ethyl acetate instead of 2-propanol (Paper I).
31

  

SWHa-al was prepared by first dissolving 5.73 mmol (0.947 g, 1 equiv.) hexose 

units in 30 mL DMSO. Triethylamine (TEA, 165 μL, 1.19 mmol, 0.2 equiv.) was 

added under stirring at 50 °C to catalyze the reaction prior to introducing 11.5 mmol 

(1.909 g, 2 equiv.) MePro-Im into the reaction mixture. The modification reaction 

was then allowed to proceed for 2, 4, 6, or 8 h. The product of this reaction was 

obtained by precipitation into 400 mL cold ethyl acetate followed by centrifugation. 

This solid product was further purified by re-dissolving in 8 mL DMSO and 

precipitating into ethyl acetate (0 °C, 200 mL) before being centrifuged and dried 

under vacuum for 3 days, Scheme 1. The products of this reaction are labelled 

SWHa-alx, in which “x” refers to the degree of allyl substitution corresponding to 

different reaction times. 
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Scheme 1 Synthesis scheme for SWHa hydrogels 

 Synthesis of methacrylated CMC (Ma-CMC) 3.2.3

Methacrylation of CMC was performed by first dissolving CMC (1 mmol hexose 

units) in 20 mL solution of 0.5 M NaOH, under vigorous stirring at 50 °C until a 

homogeneous solution was achieved. Subsequently, 5 mmol GMA (0.71 mL, with 

respect to the repeating unit of CMC) was introduced into the CMC solution and the 

reaction was allowed to proceed for 2 h. The product was then obtained after 

terminating the reaction by precipitating the reaction mixture into 300 mL acetone, 

followed by centrifugation. The product was further purified through another series 

of dissolving, precipitation and centrifugation, and finally Ma-CMC was obtained 

after drying under vacuum (Paper II). 

 Thiolation of AcGGM (AcGGM-SH) 3.2.4

Thiolated AcGGM was synthesized by the ring-opening of TBL mediated by the 

activated hydroxyl groups on AcGGM backbone (Paper III), Scheme 2. For this 

purpose, 1 mmol (0.17 g) hexose units of AcGGM were dissolved in 20 mL 

anhydrous DMSO. In a three-neck round-bottom flask equipped with a magnet 
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stirrer, 1 mmol (0.024 g, 1 equiv.) NaH was exposed to a flow of N2 gas for 10 min 

prior to the addition of AcGGM solution. Subsequently, the solution of AcGGM in 

DMSO was gradually added to NaH (drop-wise over 20 min) under stirring at room 

temperature with a constant flow of N2. After the complete addition of the AcGGM 

solution the mixture was allowed to homogenize for another 20 min in order to 

activate the hydroxyl groups. TBL, 43 or 65 μL (0.5, 0.75 equiv.) was then injected 

into the reaction mixture and the obtained yellowish color reaction mixture was 

stirred for 2 h at room temperature. The reaction was then terminated by 

introducing 2 mL saturated NH4Cl under vigorous stirring. Finally, the reaction 

product was obtained by precipitating the reaction mixture into cold acetone (400 

mL) prior to centrifugation. The product was then air-dried and repeatedly washed 

with ethanol followed by re-dissolving in 5 mL DMSO and precipitating into 200 

mL acetone. After a short period of air-dying the product was dissolved in 20 mL 

deionized water and dialyzed (500 Da MWCO) for 5 days against a constant flow 

of deionized water. The purified final product was finally achieved after freeze-

drying. Yield: 60-70% 

 

Scheme 2 Synthesis scheme for thiolated AcGGM 



                                                                                  EXPERIMENTAL 

15 

To facilitate data presentation, thiolated AcGGM samples have been labelled 

AcGGM-SHX, where “x” refers to the molar equivalence of TBL (0.5 or 0.75) used 

in the synthesis of that thiolated AcGGM fraction.  

 Synthesis of maleic anhydride modified AcGGM (AcGGM-MA) 3.2.5

In the synthesis of AcGGM-MA a previously reported synthetic pathway was 

adopted with slight modification, Scheme 3.
43

 In a typical procedure, AcGGM 

(0.845, 5.0 mmol hexose units) was first dissolved in 50 mL DMSO at room 

temperature under stirring. After complete dissolution, the solution temperature was 

raised to 50 °C prior to introducing 80 μL TEA. After 5 min, 0.401 g 

(approximately equal to 5.0 mmol) maleic anhydride was added to the AcGGM 

solution. After allowing the reaction to proceed for 1 h at 50 °C, it was terminated 

by precipitating into 2-propanol at room temperature. The precipitated product was 

then collected by centrifugation, followed by a second dissolving in DMSO and 

precipitating in 2-propanol. Subsequently, the product was washed 3 times with 20 

mL ethyl acetate, before being collected by centrifugation and dried under vacuum 

(Paper IV).   

 

 

Scheme 3 Synthesis scheme of maleate functionalized AcGGM 
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3.3 PREPARATION OF HYDROGELS 

 Hydrogel synthesis from allyl-modified SWHa and acrylic acid 3.3.1

Allyl-modified SWHa fractions exposed to various modification times were used to 

prepare SWHa hydrogels with different compositions as illustrated in Scheme 1. 

Typically, 40/50/60 mg SWHa-al (equal to 40/50/60% of the hydrogel’s mass 

content) was dissolved in 250 μL deionized water in glass vials. To this solution 

63/52.5/42 μL distilled AA, respectively corresponding to 60/50/40 %(w/w) of the 

hydrogel composition, was added. Approximately 3 %(w/w) KPS and sodium 

sulfite, based on the total weight of SWHa and AA, was then added under stirring to 

initiate the crosslinking reaction in an oven at 55 °C for 4 h. After complete 

gelation, cylindrical shaped hydrogels were retrieved by breaking the glass vials. 

The hydrogels were then purified from unreacted reagents and initiator through a 

“leaching out” process performed in 100 mL deionized water for 24 h, by 

frequently replacing the water with fresh water (Paper I).  

 

These SWHa-based hydrogels are herein denoted SWHa-alx-Gy, in which “x” refers 

to the degree of allyl substitution of the modified SWHa, and “y” represents the 

content of SWHa in the hydrogel formulation (e.g. SWHa-al24-G4 contains 40 

%(w/w) SWHa-al24). 

 Synthesis of semi-IPN hydrogels from SWHb 3.3.2

Crude and unmodified SWHb was used together with Ma-CMC to synthesize a 

series of semi-IPN hydrogel formulations, Scheme 4. For this purpose, 30/40/50 mg 

SWHb (equal to 30/40/50 %(w/w) of the final hydrogel), and 20/10/10 mg Ma-

CMC (equal to 20/10/10 %(w/w) of the final hydrogel) were dissolved in 250 μL 

deionized water in glass vials. Subsequent to their complete dissolution, the 

comonomers were added to these mixtures as follows: 

 

- either 2 mg equal to 2 %(w/w) MBA as crosslinker, and 50.4/50.4/39.9 μL 

AA corresponding to 48/48/38 %(w/w) of the final hydrogel 

- or 1 mg MBA equal to 1 %(w/w) and 51.45/51.45/40.3 μL AA respectively 

corresponding to 49/49/39 %(w/w) of the final hydrogel composition. 
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This was followed by the addition of 3 mol% KPS and sodium sulfite to each 

individual mixture under stirring for 3 min. The crosslinking reaction was carried 

out by placing each vial in an oven at 65 °C for 1 h until complete gelation was 

achieved. SWHb semi-IPNs where then retrieved by breaking the glass vials, and 

were purified through the previously described leaching out process for 48 h. 

Finally, these gels were dried under a gentle stream of air for 4 days (Paper II).  

Hereinafter, semi-IPNs produced from SWHb are denoted SWHb-Gx-y in which 

“x” refers to the weight fraction of SWHb in the hydrogel composition, and “y” 

represents the weight percentage of MBA. For instance, SWHb-G3-1 was made 

from 30 %(w/w) SWHb and 1 %(w/w) MBA. 

 

 

Scheme 4 Synthesis scheme of SWHb based semi-IPNs (modified from paper II, Scheme 1) 
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 Hydrogel synthesis from thiolated AcGGM 3.3.3

A number of representative hydrogel formulations were synthesized from AcGGM-

SH through a thiol click chemistry approach. 

 

 Hydrogel synthesis via thiol-ene reaction 3.3.3.1
 

AcGGM-SH0.75 (25 mg) was transferred into a glass vial and dissolved in 500 μL 

deionized water. Approximately 4 mg crosslinker (MBA, 4 equiv. based on the 

amount of thiol groups per 100 mg AcGGM) was added to the AcGGM-SH 

solution.  The crosslinking reaction was thermally initiated at 70 °C using 75 μL of 

a water solution of KPS (8 g L
-1

) and 75 μL of a water solution of sodium sulfite (8 

g L
-1

). Hydrogels were rapidly formed within 15 min from the start of each reaction, 

however; the reaction was allowed to proceed for 1 h. Cylindrical hydrogels were 

obtained by breaking the glass vials open prior to leaching the unreacted 

compounds out over 24 h (Paper III), Scheme 5. AcGGM-SH hydrogels prepared 

via thiol-ene click reaction are herein denoted AcGGM-S-GT.  

 

 Hydrogel synthesis via thiol-Michael addition 3.3.3.2
 

AcGGM-S-GM hydrogels were synthesized by first dissolving AcGGM-SH0.75 (25 

mg) in 400 μL sodium phosphate buffer solution (0.02 M, pH 8). In parallel to that, 

4 mg MBA (4 equiv. based on the amount of thiol groups per 100 mg AcGGM) was 

dissolved in 100 μL of the same buffer solution. The two solutions were thereafter 

mixed, and the mixture was homogenized by vortexing until gelation was achieved 

within 15 min at room temperature, although the reaction was continued for 1 h 

(Paper III), Scheme 5. Hydrogels prepared via thiol-Michael addition reaction are 

herein labelled AcGGM-S-GM. 
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Scheme 5 Chemical pathway for the synthesis of AcGGM hydrogels through thiol-ene and Michael 

addition click reactions 

 Sequential synthesis of interpenetrating AcGGM networks 3.3.4

AcGGM based full IPNs were prepared through a sequential approach by first 

synthesizing a single network gel (AcGGM-Gx), followed by the swelling of this 

network in a precursor solution for the synthesis of the second network, prior to a 

second crosslinking. 

 

 Synthesis of AcGGM-MA based hydrogels 3.3.4.1

AcGGM-MA fractions bearing double bonds were used to prepare AcGGM-Gx 

samples with two different compositions, Scheme 6. To achieve these networks, 

50/70 mg AcGGM-MA (50/70 %(w/w) of hydrogel’s mass content) was dissolved 

in 250 μL deionized water in glass vials. After complete dissolution, 52.5/28.6 μL 
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distilled acrylic acid (respectively, 50/30 %(w/w) of hydrogel’s mass content) was 

added to the solution under stirring. Subsequently, 3 mol% KPS and sodium sulfite 

was introduced into the reaction mixture and the crosslinking reaction was 

performed by placing all vials in an oven at 65 °C for 1 h until hydrogels were 

obtained. AcGGM-Gx networks were then retrieved by breaking each glass vial, and 

were purified by leaching out process for 48 h. Dried gels were finally achieved 

after drying under a gentle stream of air for 4 days (Paper IV).  

 

Throughout this thesis, AcGGM-MA based hydrogels are introduced as AcGGM-

Gx where “x” refers to the mass content of AcGGM-MA in the hydrogel 

composition (e.g. AcGGM-G5 was prepared from 50 %(w/w) AcGGM-MA). 

 

 Synthesis of AcGGM IPNs 3.3.4.2

In the second step, AcGGM-G samples were swollen in a precursor solution for the 

synthesis of the second network, Scheme 6. The content and the composition of this 

precursor solution were selected in such a way that allowed for the preparation of 

IPNs through two different pathways: 

 

IPN synthesis through thiol-ene click reaction 

 

AcGGM-SH0.75 (20 mg) was first dissolved in 500 μL deionized water until a 

homogeneous solution was achieved. To this solution, approximately 30 mg PEG-

DA was added under stirring. Subsequently, disc-shaped samples of either 

AcGGM-G5 or AcGGM-G7 were immersed into this solution, and the gel was 

allowed to swell for 2 h. The hydrogels were then removed from this solution and 

the surface was dried by tapping a tissue paper. Surface-dried hydrogels were 

immediately placed into a radical initiator solution containing 100 μL solution of 

KPS (8 g L
-1

) and 100 μL solution of sodium sulfite (8 g L
-1

), for 45 min. 

Subsequently, the hydrogels were placed in an oven at 65 °C for 1 h to crosslink the 

second network. Finally, the unreacted precursors were leached out from AcGGM 

IPNs and the IPNs were dried under a gentle stream of air. Each IPN composition 

was synthesized in triplicate (Paper IV).  

 

The IPNs obtained from the thiol-ene crosslinking of the second network are 

denoted AcGGM-IPNx-T where “T” stands for thiol-ene, and “x” represents the 
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content of AcGGM-MA in the composition of AcGGM-G used for this specific 

IPN. For instance, AcGGM-IPN5-T is an IPN synthesized using AcGGM-G5 

through thiol-ene click reaction.  

 

IPN synthesis through free-radical polymerization 

 

A monomer solution containing AAm (60 mg) and MBA (3 mg) dissolved in 300 

μL deionized water was prepared. Disc-shaped AcGGM-G5 or AcGGM-G7 samples 

were placed in individual vials containing this solution and they were allowed to 

swell for 2 h. Gels were subsequently removed from the monomer solution and 

dried on the surface prior to being placed into the previously mentioned initiator 

solution (100 μL of 8 g L
-1

 KPS and 100 μL of 8 g L
-1 

sodium sulfite) for 45 min. 

The loaded gels sealed in glass vials were then heated at 65 °C for 1 h to crosslink 

the second network. These IPNs were then retrieved from the vials, purified and 

dried as mentioned before (Paper IV).  

 

These AcGGM based IPNs are herein labelled AcGGM-IPNx-R, in which “R” 

refers to the synthesis of the second network via free-radical polymerization, and 

“x” corresponds to the AcGGM-MA content of AcGGM-G (e.g. AcGGM-IPN5-R is 

an AcGGM based IPN synthesized through the free radical crosslinking of AAm in 

the second step, using AcGGM-G5) 
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Scheme 6 Schematic illustration of the synthesis route of AcGGM-G, AcGGM-IPNx-T, and AcGGM-

IPNx-R 
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Table 1 Overview of the compositions and denotations of all hemicellulose gels synthesized in this 

thesis 

Denotation in 

thesis 

Denotation in 

respective paper 

Type of 

hemicellulose 

Co-components Synthesis 

pathway 

Paper I 

SWHa-al24-G4 SWH1-al24/1a SWHa AA  

 

 

 

 

Free radical 

polymerization 

SWHa-al24-G5 SWH1-al24/2a SWHa AA 

SWHa-al24-G6 SWH1-al24/3a SWHa AA 

SWHa-al36-G4 SWH1-al36/1a SWHa AA 

SWHa-al36-G5 SWH1-al36/2a SWHa AA 

SWHa-al36-G6 SWH1-al36/3a SWHa AA 

SWHa-al37-G4 SWH1-al37/1a SWHa AA 

SWHa-al37-G5 SWH1-al37/2a SWHa AA 

SWHa-al37-G6 SWH1-al37/3a SWHa AA 

SWHa-al38-G4 SWH1-al38/1a SWHa AA 

SWHa-al38-G5 SWH1-al38/2a SWHa AA 

SWHa-al38-G6 SWH1-al38/3a SWHa AA 

Paper II 

SWHb-G3-1 SWH-G3-1 SWHb CMC AA MBA  

 

Free radical 

polymerization 

SWHb-G4-1 SWH-G4-1 SWHb CMC AA MBA 

SWHb-G5-1 SWH-G5-1 SWHb CMC AA MBA 

SWHb-G3-2 SWH-G3-2 SWHb CMC AA MBA 

SWHb-G4-2 SWH-G4-2 SWHb CMC AA MBA 

SWHb-G5-2 SWH-G5-2 SWHb CMC AA MBA 

Paper III 

AcGGM-S-GM AcGGM-S-Gm AcGGM-SH MBA 
Thiol Michael 

addition reaction 

AcGGM-S-GT AcGGM-S-Gt AcGGM-SH MBA 
Thiol-ene click 

reaction 

Paper IV 

AcGGM-G5 AcGGM-G5 AcGGM-MA AA Free radical 

polymerization AcGGM-G7 AcGGM-G7 AcGGM-MA AA 

AcGGM-IPN5-T Ac...IPN5-T AcGGM-MA AcGGM-SH PEG-DA Thiol-ene 

click reaction AcGGM-IPN7-T Ac...IPN7-T AcGGM-MA AcGGM-SH PEG-DA 

AcGGM-IPN5-R Ac...IPN7-R AcGGM-MA AAm MBA Free radical 

polymerization AcGGM-IPN7-R Ac...IPN7-R AcGGM-MA AAm MBA 
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3.4 CHARACTERIZATION METHODS  

 Fourier transform infrared spectroscopy (FTIR) 3.4.1

FTIR spectroscopy was used to verify the chemical structures of all hydrogel 

formulations together with their corresponding unmodified and functionalized 

precursors. The spectra of SWHa and AcGGM-SH hydrogels were recorded on a 

Perkin Elmer Spectrum 2000 spectrometer (Perkin-Elmer Instrument Inc.) equipped 

with an attenuated total reflectance (ATR) crystal accessory. The spectra of SWHb 

semi-IPNs and hemicellulose IPNs were recorded on a Perkin-Elmer Spectrum 100 

spectrometer equipped with an ATR accessory. Each measurement was recorded as 

a mean of 16 or 32 scans at a resolution of 4 cm
-1

 with atmospheric water and 

carbon dioxide correction, within a range between 4000 and 600 cm
-1

. The obtained 

spectra were evaluated using Perkin-Elmer Spectrum 10.5.0 software.  

FTIR analysis was performed on samples in all four papers. 

 Nuclear magnetic resonance (NMR) 3.4.2

1
H NMR and/or 

13
C NMR spectra of pristine and modified SWHa, SWHb, 

AcGGM, and CMC were recorded using a Bruker DMX-400 NMR operating at 

room temperature at 400 MHz. Typically, 15 mg of each sample (in case of 
1
H 

NMR) or 40 mg of each sample (in case of 
13

C NMR) were dissolved in 0.6 mL 

DMSO-d6, D2O, or CDCl3 (for MePro-Im). The solution was then transferred into 

NMR tubes with 5 mm outer diameter before analysis. The DAc of SWHa and 

SWHb were determined by comparing the integral of the acetyl group shift at 2.02 

(IAc) with the response arising from carbohydrate rings in hemicellulose backbone 

(between 3.2 and 5.6 ppm, ICarbohydrate) using a MestReNova software and according 

to Eq. 1: 
90

  

 

𝐷𝐴𝑐 =
𝐼𝐴𝑐

3⁄

𝐼𝐶𝑎𝑟𝑏𝑜ℎ𝑦𝑑𝑟𝑎𝑡𝑒
6

⁄
                                                                                                                             Eq. 1 

The degree of allyl substitution (DSal) of modified SWHa was calculated by 

comparing the peak integral of the methyl group response at 1.68 ppm (ICH3), to the 

response of the acetyl group at 2.02 ppm (IAc), according to Eq. 2: 
31
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 𝐷𝑆𝑎𝑙 =
𝐼𝐶𝐻3

3
⁄

𝐼𝐴𝑐
3⁄

× 𝐷𝐴𝑐                                                                                  Eq. 2 

The approximate degree of thiol substitution on AcGGM backbone (DSSH) was 

determined from the relative integrals of the methylene (-CH2- group neighboring 

the –SH) response at 2.51 ppm and the response integral of the acetyl protons at 

2.02 ppm, following Eq. 3:   

 

𝐷𝑆𝑆𝐻 =
𝐼𝐶𝐻2

2
⁄

𝐼𝐴𝑐
3⁄

 × 𝐷𝐴𝑐                                                                                                                         Eq. 3 

The approximate degree of maleate substitution (DSMA) in AcGGM-MA was 

determined by comparing the integral of NMR shift corresponding to unsaturated 

protons (5.96 to 6.70 ppm) in the maleates pendant to AcGGM, to the integral of 

acetyl response, using Eq. 4: 

 

𝐷𝑆𝑀𝐴 =
𝐼𝐶𝐻

2⁄

𝐼𝐴𝑐
3⁄

 × 𝐷𝐴𝑐                                                                                                             Eq. 4  

NMR analysis of pure and modified AcGGM fractions was performed in all four 

papers. 

 Size exclusion chromatography (SEC) 3.4.3

The Mn and Đ of SWHa (Paper I), SWHb (Paper II), AcGGM, and AcGGM-SH 

(Paper III) were assessed by alkaline SEC, with NaOH solution (10 mM) at 40 °C 

as the mobile phase (flow rate 1 mL/min). For this purpose, a Dionex Ultimate-

3000HPLC system (Dionex, Sunnyvale, CA, USA), equipped with an LPG-4300SD 

gradient pump, a WPS-3000SL autosampler, a Waters-410 refractive index (RI) 

detector (Waters, Milford, MA, USA), and a DAD-3000 UV-vis detector. In this 

device a combination of three PSS suprema columns (300 mm × 8 mm, 10 μm 

particle size) with 30Å, 1000 Å, and 1000 Å pore sizes arranged in series together 

with a guard column (5 mm × 8 mm, 10 μm particle size) was used. SEC calibration 
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was carried out using Pullulan standards with a molecular weight distribution 

ranging from 324 to 708,000 Da (PSS, Germany). Each analysis was performed by 

injecting 250 μL sample solutions into the system. 

 Ultraviolet-visible spectroscopy (UV-vis) 3.4.4

The success and extent of AcGGM thiolation was evaluated using UV-vis 

spectroscopy (Paper III). The procedure was designed according to an established 

protocol for the determination of thiol groups in biological macromolecules by 

using Ellman’s reagent.
91

 Modified AcGGM (0.2 to 5 mg) was dissolved in 1 mL 

sodium phosphate buffer (0.02 M, pH 8) to obtain polymer solutions with varying 

concentrations. A portion (250 μL) of these sample solutions was then injected into 

glass vials containing 50 μL of an Ellman’s reagent solution (4 mg/mL) diluted with 

2.5 mL of sodium phosphate buffer. These vials were then incubated for 20 min in 

the dark, prior to measuring the UV absorbance of each mixture at 412 nm using a 

UV-2401 UV-vis spectrophotometer. Finally, the number of moles of thiol groups 

per 100 mg of polymer sample was calculated using Eq. 5, where c refers to 

concentration, A is the absorbance, l is the path length in centimeters and ε stands 

for the molar absorptivity (extinction coefficient) of Ellman’s reagent. 

𝑐 =
𝐴

𝑙𝜀
                                                                                                            Eq. 5 

In a parallel attempt to calculate the number of moles of thiol groups per 100 mg of 

AcGGM, a standard curve was created using the UV absorbance of N-acetyl 

cysteine as a reference compound. The absorbance of the sample solutions were 

then fitted into the linear region of this standard curve. 

 Dynamic mechanical thermal analysis (DMTA) 3.4.5

Thermo-mechanical properties of SWHa hydrogels (Paper I) were studied using a 

Q800 DMA analyzer (TA Instruments, USA) operating in compression mode. For 

each analysis, disc-shaped (d 5 mm and Ø 15 mm) samples of each hydrogel in the 

swollen state were prepared. Each analysis was started by first soaking the sample 

at 25 °C for 1 min, followed by heating to 60 °C (temperature ramp 5°C/min). 

Every sample was exposed to oscillatory deformation with an amplitude of 20 μm 

and a frequency of 1 Hz using 0.01 N static force. 
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 Rheological properties and gelation kinetics  3.4.6

Rheological properties and gelation kinetics of IPN and semi-IPN hydrogels were 

investigated using a TA Discovery Hybrid 2 (DHR-2) rheometer equipped with 

thermally regulated stainless steel Peltier plate-plate configuration (Ø 20 mm).  

 

Semi-IPN precursor sample solutions were prepared in glass vials prior to 

rheological analysis, and the initiators were added 2 min before starting each 

measurement. Approximately, 0.15 mL of each semi-IPN precursor solution was 

injected onto the temperature regulated bottom plate at room temperature. The 

upper plate was then lowered onto the sample until an evenly distributed thin disc 

was created with a gap size of 300 μm. Subsequently, the kinetics of gelation for 

each sample was investigated by subjecting the sample to 1% strain during small 

amplitude oscillatory shear measurements (time-sweep mode) at a frequency (f) of 1 

Hz at 65 °C, (Paper II). 

 

Swollen single network hydrogels and IPN discs with approximately 20 mm 

diameter and 3-4 mm thickness were first subjected to an amplitude sweep test over 

a strain range of 0.01-10.0 %, using a frequency of 1 Hz, and an axial force of 0.4 N 

at 25 °C. After determining the linear viscoelastic region, each hydrogel and IPN 

composition was exposed to a frequency sweep test (0.01-10 Hz) using 1% strain at 

25 °C, (Paper IV). 

 Scanning electron microscopy (SEM) 3.4.7

A Hitachi s-4800 field-emission SEM, with an acceleration voltage of 1.0 or 3.0 

kV, was used to study the topography and cross-section of hemicellulose networks 

(Paper I-IV). Dry or fully swollen hydrogels were submerged in liquid nitrogen and 

subsequently lyophilized for 2 days prior to microscopy. The lyophilized samples 

were then mounted on a stub and sputter coated with a 3.5-5 nm layer of Au/Pd, 

using a Cressington 208HR High Resolution Pt/Pd sputter. 
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 Swelling test 3.4.8

 Swelling test in deionized water 3.4.8.1

 

Swelling ratios of all hemicellulose based hydrogels was assessed gravimetrically 

after immersing dry hydrogel samples in deionized water (Paper I-IV). For this 

purpose, 20-70 mg of each single network, semi-IPN or IPN gel composition (in 3 

repetitions) was placed in stainless steel baskets with 0.20 mm mesh opening. Each 

basket was then immersed in 50-100 mL deionized water. The water uptake of 

hydrogels was followed with respect to time by weighing the samples at specific 

intervals, after carefully drying the baskets. Eventually, the swelling ratio of each 

hydrogel was calculated according to Eq. 6, where m0 refers to the weight of dry 

hydrogel prior to swelling, and mt refers to the weight of swollen hydrogel at time t. 

 

𝑄 =
𝑚𝑡−𝑚0

𝑚0
                                                                                               Eq. 6 

Swelling ratio after 48 h was defined as the equilibrium swelling ratio (Qeq). 

 

 Swelling test in 0.9% saline solution 3.4.8.2

 

The swelling ratios of SWHa hydrogels (Paper I) and SWHb semi-IPNs (Paper II) 

were also determined in saline solution, according to EDANA standard test WSP 

241.2.R3.
92

 However in this work, the suggested teabags in EDANA standard test 

were replaced by the aforementioned stainless steel baskets. In order to obtain the 

equilibrium swelling ratio of hydrogels in saline solution, a protocol similar to the 

previously described procedure for swelling in deionized water was followed. 

However, herein Qeq refers to the swelling ratio obtained after 52 h. 
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4 RESULTS AND DISCUSSION 

Efficient utilization of naturally abundant hemicelluloses can contribute into 

creating a more sustainable society. Hemicelluloses, thanks to their inherent 

hydrophilicity and biodegradability are promising candidates for hydrogel 

synthesis. To fully implement these natural polymers into hydrogel design, their 

inherent chemistry and properties must occasionally be adapted to the final product. 

Such chemical alterations should be versatile enough to target hemicelluloses of 

different purity grades, and benign enough to maintain their sustainable value. 

Therefore, developing facile methodologies to address the utilization of biomass-

derived hemicelluloses in a cruder state, or to avoid multi-step chemical 

modifications, has been the focus of this work. 

4.1 CHEMICAL MODIFICATION OF HEMICELLULOSE 

 Allyl-modification of SWHa 4.1.1

The hemicellulose fraction of SWHa was subjected to functionalization with allyl-

bearing moieties to allow for subsequent crosslinking into a hydrogel structure via 

free radical polymerization of acrylic acid (AA). Allylation was performed through 

a previously described coupling reaction between hydroxyl groups on the AcGGM 

backbone of SWHa and a coupling precursor, namely 1-[(1-imidazolyl)formyloxy]-

2-methyl-2-propen (MePro-Im), in DMSO at 50 °C.
31

 The modification reaction 

was carried out for different time lengths (2, 4, 6, and 8 h), to evaluate the effect of 

reaction time on the degree of allyl-substitution.  

The chemical composition of the modified SWHa samples was investigated using 
1
H NMR spectroscopy, Figure 3. The degree of allyl substitution (DSal) was 

calculated by comparing the relative integrals of the peak stemming from the 
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methyl protons of allylic derivative (C2, 1.68 ppm), with the acetyl response (C1, 

2.02 ppm). According to this calculation, an increasing trend in the intensity of 

allylic methyl peak, corresponding to an increase in DSal with respect to reaction 

time, was observed. However, the substitution pattern reached a plateau after 4 h of 

reaction, Table 2. The occurrence of this plateau could be attributed to the existence 

of traces of water molecules in the reaction vessel, promoting competing side 

reactions. It is noteworthy that, to design a more sustainable synthetic pathway for 

the valorization of an inherently sustainable raw material, demanding and costly 

steps such as vacuum drying or degassing were avoided.  

Table 2 Denotation of allyl-modified SWHa fractions together with the corresponding degrees of 

substitution obtained from 1H NMR 

 

 

 

 

 

 

 

 

 

Figure 3 1H NMR spectra of (from bottom to top) crude SWHa, modified SWHa for 2, 4, 6, and 8h in 

DMSO-d6 (modified from paper I, Figure 1) 

Denotation Reaction time (h) DSal 

SWHa-al24 2 0.24 

SWHa-al36 4 0.36 

SWHa-al37 6 0.37 

SWHa-al38 8 0.38 
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 Thiolation of AcGGM 4.1.2

Hitherto, thiol-functionalization of polysaccharides has often been restricted to 

carbohydrates bearing pendant carboxylic acids or amines,
93

 has been accomplished 

through multi-step procedures, or via transesterification reactions.
94,95

  

 

In this work, ring-opening of γ-thiobutyrolactone (TBL), mediated by the hydroxyl 

groups on the backbone of AcGGM, was designed as a one-pot approach to impart 

thiol-functionality to hemicellulose. Thiolation was achieved by first enhancing the 

nucleophilicity of the hydroxyl groups via deprotonation using a non-nucleophilic 

strong base (NaH). Hence, facilitating the nucleophilic ring-opening of TBL and the 

covalent attachment of thiol-groups onto hemicellulose chains. The outcome and 

extent of thiolation were verified by 
1
H NMR and 

13
C NMR spectroscopy, Figure 4.  

 

In the 
1
H and 

13
C NMR of AcGGM-SH0.5 and AcGGM-SH0.75, the emergence of 

new peaks in the methylene region, stemming from the opened ring of TBL, can be 

observed, Figure 4. The 
1
H NMR peak at 1.85 ppm stems from C3 methylene 

protons. The response at 2.51 ppm is attributed to methylene protons adjoining thiol 

group (C2). The proton shift corresponding to the methylene protons adjacent to the 

lactone carbonyl is believed to be overlaid by the peak stemming from pendant 

acetyl groups of AcGGM. In the 
13

C NMR of AcGGM-SH0.5, three additional peaks 

at 23, 28, and 32 ppm, can be observed. These additional peaks respectively 

correspond to C2, C3, and C4 of the opened ring of TBL. The lactone carbonyl 

carbon is expected to give rise to a 
13

C NMR shift at 175 ppm, however, it is 

indistinguishable from the baseline noise. 

 



                                                            RESULTS AND DISCUSSION 

32 

 
 

Figure 4 1H NMR spectra of AcGGM before and after thiolation (bottom) and 13C NMR spectra of 

AcGGM and AcGGM-SH0.5 (top) in D2O 

The degree of thiol-substitution (DSSH) of AcGGM was evaluated by comparing the 

relative integral of CH2 (C2) proton peak to the proton shift attributed to acetyl CH3 

(C1), assuming an unchanged degree of acetylation (DAc) throughout the reaction. 

Accordingly, the value of DSSH was calculated to be 0.15 for AcGGM-SH0.5, and 

0.16 for AcGGM-SH0.75, Table 3. The subtle increase in the calculated values of 

DSSH was inconsistent with the 50% increase in the molar ratio of TBL (from 0.5 to 

0.75), which could be a consequence of assuming a constant DAc throughout the 

reaction.   
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To further corroborate the presence of thiol groups on the modified species, and to 

calculate the content of sulfhydryl groups per 100 mg of AcGGM, an Ellman’s 

reagent assay of thiolated AcGGM was performed. The successful incorporation of 

free thiol groups on AcGGM was evidenced by an instant color transition (from 

clear to yellow), upon the addition of Ellman’s reagent to a solution of AcGGM-SH 

at pH 8, Figure 5. This color transition is attributed to the reaction of Ellman’s 

reagent with free thiol groups leading to the release of nitromercaptobenzoate anion 

into the solution.
96

 Furthermore, the approximate amount of thiol groups was 

evaluated by measuring the UV absorbance of each sample solution at 412 nm 

using UV-vis spectrophotometry. The number of moles of thiols per 100 mg of 

AcGGM was calculated either by using the molar absorptivity of Ellman’s reagent 

at 412 nm (Eq. 5), or by creating a standard curve based on N-acetyl cysteine as a 

reference.  

 

 

Figure 5 (a) A solution of AcGGM-SH0.75 in sodium phosphate buffer (pH 8), (b) the solution 

immediately turns yellow upon the addition of Ellman’s reagent (modified from paper III, Figure 2) 

The DSSH together with the number of thiol groups per 100 mg of AcGGM, 

calculated from the previously described methods are presented in Table 3. 

Calculation based on NMR results in a significantly higher concentration of thiols 

per 100 mg of AcGGM than that quantified from Ellman’s assay. This could be 

ascribed to the spontaneous formation of some disulfide bonds, leading to an 

underestimation of thiol groups by Ellman’s reagent. Moreover, errors related to the 
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methods of calculation, specifically in case of creating a standard curve, could also 

compromise the results obtained from Ellman’s assay. Nonetheless, taking the DSSH 

obtained from the three abovementioned methods together provided an approximate 

estimation of the number of thiols per AcGGM chain. The means of these estimated 

values was then used to base the molar equivalence of the reagents used for 

hydrogel synthesis upon. 

 

Table 3 The content of thiol groups in AcGGM-SH calculated using NMR and Ellman’s reagent assay 

(modified from paper III, Table 1) 

 

 

 Functionalization of AcGGM with maleic anhydride 4.1.3

To achieve a first step precursor for the synthesis of AcGGM IPNs, unsaturated 

C=C bonds were introduced onto AcGGM backbone via an esterification reaction 

with maleic anhydride, Scheme 3. The success and extent of maleate attachment on 

hemicellulose chains was investigated by studying the 
1
H NMR spectrum of 

AcGGM-MA together with that of unmodified AcGGM, Figure 6.  

 

The emergence of a new signal at approximately 6.37 ppm in the NMR spectrum of 

AcGGM-MA, stems from the unsaturated protons now attached to hemicellulose 

backbone. The degree of maleate substitution (DSMA) was calculated by comparing 

the relative integral of this unsaturation response (C2 and C3) to that of the acetyl 

groups (C1, at 2.02 ppm), assuming a constant DAc throughout the reaction. 

According to this calculation, a rather high DSMA of approximately 0.94 was 

achieved. The high DSMA value is very useful in designing hydrogels with higher 

degrees of crosslinking.  

 

Denotation 

DSSH 

Based on 

Eq. 3 

Free –SH groups 

(mmol/100 mg of 

sample)
1
 

Free –SH groups 

(mmol/100 mg of 

sample)
2 

Free –SH groups 

(mmol/100 mg of 

sample)
3 

AcGGM-SH0.5 0.15 ± 0.01  0.08 ± 0.01 0.012 ± 0.002 0.025 ± 0.010 

AcGGM-SH0.75 0.16 ± 0.02 0.09 ± 0.01 0.013 ± 0.002 0.062 ± 0.023 
1 Results calculated based on 1H NMR  
2 Results calculated using molar absorptivity of Ellman’s reagent at 412 nm 
3 Results calculated by fitting the absorbance of each sample into a standard curve made for N-acetyl cysteine 
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Figure 6 1H NMR spectra of AcGGM before (bottom) and after (top) modification with maleic 

anhydride 

4.2 HYDROGEL SYNTHESIS FROM MODIFIED HEMICELLULOSE 

 SWHa based hydrogels 4.2.1

Often synthetic pathways for converting hemicelluloses into hydrogels require 

costly and tedious purification steps.
14,44,97

 While developing methodologies 

unaffected by hemicellulose purity, renders such renewable hydrogels more 

sustainable, cost-efficient and competitive. 

 

A series of hydrogels were prepared from allyl-modified SWHa (SWHa-al). The 

composition of these hydrogels was designed in such a way that, the effect of 

SWHa-al content in relation to the content of acrylic acid (AA), together with the 

impact of the allylation reaction time on hydrogel properties could be investigated. 

The nomenclature and composition of SWHa derived hydrogels are presented in 

Table 4. 
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Table 4 Composition and denotation of SWHa hydrogels 

Modified 

SWHa 

Modified 

SWHa (w/w)% 

AA (w/w)% Denotation 

SWHa-al24 

40 60 SWHa-al24-G4 

50 50 SWHa-al24-G5 

60 40 SWHa-al24-G6 

SWHa-al36 

40 60 SWHa-al36-G4 

50 50 SWHa-al36-G5 

60 40 SWHa-al36-G6 

SWHa-al37 

40 60 SWHa-al37-G4 

50 50 SWHa-al37-G5 

60 40 SWHa-al37-G6 

SWHa-al38 

40 60 SWHa-al38-G4 

50 50 SWHa-al38-G5 

60 40 SWHa-al38-G6 

    

The formation of covalently bonded SWHa networks containing oligo-acrylic acid 

chains was confirmed by comparing the FTIR spectra of each hydrogel composition 

with its corresponding SWHa-al precursor and unmodified SWHa. Representative 

FTIR spectra of SWHa, SWHa-al38 and SWHa-al38-G4 are shown in Figure 7. In the 

spectrum of crude SWHa, a broad band at 3000-3500 cm
-1 

stemming from the OH 

stretching vibrations of backbone hydroxyl groups and bound water, can be 

observed. After allylation, the intensity of this characteristic band is depressed, 

suggesting the successful substitution of some hydroxyl groups by allyl moieties. 

Allyl-functionalization of SWHa is further confirmed by the emergence of two new 

vibrational bands at 1746 cm
-1

 and 1606 cm
-1

, corresponding to the stretching 

vibrations of allyl C=O and vinylidene C=C, respectively.   

 

After hydrogel formation, the C=C stretching band at 1606 cm
-1

 is no longer 

detectable in the FTIR spectrum of SWHa-al38-G4, Figure 7. The disappearance of 

this peak is an evidence for the effective contribution of allyl groups into the 

crosslinking of SWHa. The formation of oligo-acrylic acid bridges is confirmed by 

the appearance of an FTIR band at 1695 cm
-1

, attributed to the stretching vibration 

of carboxylic acid groups (C=O) of oligo-acrylic acid chains.  
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Figure 7 (a) FTIR spectra of crude SWHa, SWHa-al38 and SWHa-al38-G4, and (b) a photograph of 

SWHa-al24-G4 with the lowest degree of allyl-substitution (modified from paper I, Figure 2) 

 Semi-IPN hydrogels from SWHb 4.2.2

Direct utilization of crude and unfunctionalized wood hydrolysate (SWHb) in 

hydrogel design was accomplished through the synthesis of semi-IPN formulations. 

In this synthetic strategy, the selection of co-components and crosslinking route was 

carefully executed to achieve such renewable networks via a greener and facile 

approach. Hence, as a first step, carboxymethylcellulose (CMC), a widely explored 

cellulose derivative, was methacrylated through the epoxy ring-opening of glycidyl 

methacrylate (GMA), mediated by alkaline conditions.
98

 The obtained Ma-CMC 

was then utilized as a precursor for the synthesis of SWHb containing semi-IPNs, 

Table 5. The 
1
H NMR and FTIR spectra of CMC before and after methacrylation 

reaction are shown in Figure 8. The successful attachment of methacryloyl-glyceryl 

esters to the backbone of CMC is verified by the appearance of three additional 

peaks, which do not correspond to the sugar backbone of the polymer (3.0-4.5 

ppm). The presence of C=C bonds on the polymer backbone is validated by the two 

signals at 5.23 and 5.54, stemming from the vinyl protons in pendant methacryloyl-
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glyceryl esters. Furthermore, the signal of methyl protons neighboring the vinyl 

group (at 1.76 ppm), is another evidence for the methacrylation of CMC.  

 

 

Figure 8 1H NMR spectra (left), and FTIR spectra (right) of unmodified CMC and Ma-CMC  

 

Table 5 Composition and denotation of SWHb semi-IPNs 

 

In the FTIR spectrum of modified CMC, Figure 8, the vibrational bands at 2917 and 

2850 cm
-1

 stem from the C-H stretching vibrations of methylene groups in 

methacryloyl-glyceryl esters that are now pendant to CMC backbone. After 

methacrylation of CMC, a shoulder is observed at approximately 1635 cm
-1

 

Semi-IPN 

composition 

SWHb 

%(w/w) 

Ma-CMC 

%(w/w) 

MBA 

%(w/w) 

AA 

%(w/w) 

KPS 

mol% 

SWHb-G3-1 30 20 1 49 3 

SWHb-G4-1 40 10 1 49 3 

SWHb-G5-1 50 10 1 39 3 

SWHb-G3-2 30 20 2 48 3 

SWHb-G4-2 40 10 2 48 3 

SWHb-G5-2 50 10 2 38 3 
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attributed to stretching vibrations of the vinyl group. In addition to that, a new peak 

at around 866 cm
-1

 assigned to CH2 out-of-plane wagging in the vinyl groups, is 

also detected in the fingerprint region. The characteristic unsaturated C-H stretching 

vibrations (expected >3000 cm
-1

), are however overlaid by the broad band attributed 

to O-H vibrations of CMC backbone and bound water molecules. Moreover, the 

band at around 1750 cm
-1 

in the spectra of CMC before and after modification, is 

assigned to carbonyl C=O stretching vibrations of carboxylic acid moieties of CMC 

backbone.
99

 

 

In the second step, multicomponent semi-IPN hydrogels were synthesized by free-

radical crosslinking of Ma-CMC, in the presence of crude SWHb, by using AA as a 

co-monomer and MBA as a second crosslinker. Consequently, semi-IPNs 

consisting of up to 60 % renewable polymers were obtained by the entrapment of 

polymeric AcGGM chains of SWHb within a covalently crosslinked network.  

 

Figure 9 FTIR spectra of crude SWHb, Ma-CMC and corresponding semi-IPN  

The representative FTIR spectrum of SWHb-G5-1, containing 50 %(w/w) SWHb, is 

compared with the spectra of crude SWHb and Ma-CMC in Figure 9. The 

resemblance of the FTIR spectrum of Ma-CMC to that of semi-IPN indicates the 

incorporation of CMC chains into the network. The presence of SWHb in SWHb-

G5-1 composition is evidenced by the appearance of a band at 1240 cm
-1

,
 



                                                            RESULTS AND DISCUSSION 

40 

representing the C-O stretching vibrations of acetyl groups inherent to 

hemicellulose backbone. Furthermore, a sharp increase in the intensity of C=O 

stretching vibration in carbonyl region (1700 cm
-1

), confirms the formation of oligo-

acrylic acid chains. The characteristic bands of MBA cannot be verified by these 

FTIR spectra, due to the dominance of vibration bands arising from polymeric 

network components. However, the presence of MBA in semi-IPN gels will be 

further discussed in sections concerning swelling and rheological properties of 

semi-IPNs.    

 Hydrogels from thiolated AcGGM 4.2.3

The applicability of thiolated AcGGM in the synthesis of fast-forming 

hemicellulose hydrogels was elaborated by performing representative thiol-click 

crosslinking reactions. 

 
 

 Synthesis of hemicellulose hydrogels via thiol-ene reaction 4.2.3.1

 

Hemicellulose hydrogels were synthesized through thiol-ene click reaction by 

crosslinking of thiolated AcGGM(AcGGM-SH) using MBA as a representative di-

functional crosslinker. The crosslinking reaction was performed under thermal 

initiation in the presence of KPS and sodium sulfite, leading to rapid formation of 

hydrogel structures within 15 min, Figure 10a.  

 

The covalent incorporation of MBA in the hydrogel network was studied by 

comparing the FTIR spectrum of AcGGM-S-GT to that of hydrogel precursor 

(AcGGM-SH0.75) and unmodified AcGGM, Figure 10. In the FTIR spectrum of the 

hydrogel, a band at approximately 1530 cm
-1

, attributed to the amide N-H bending 

vibrations in MBA, confirms the covalent incorporation of MBA into the network. 

In addition, an increase in the intensity of the vibration band at 1650 cm
-1

, 

corresponding to C=O stretching vibrations in MBA, also suggests the presence of 

MBA in the hydrogel structure.   
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Figure 10 FTIR Spectra of pure AcGGM, thiolated AcGGM, AcGGM-S-GM, and AcGGM-S-GT 

(left), and the images of (a) AcGGM-S-GT, (b) AcGGM-S-GM (right) (modified from paper III,   

Figure 3) 

 

 Synthesis of hemicellulose hydrogels via thiol Michael addition 4.2.3.2

 

To achieve rapid-forming hemicellulose hydrogels under benign reaction condition, 

AcGGM-S-GM hydrogels were synthesized through a thiol Michael addition 

approach. To that end, activated AcGGM-SH0.75 was, in the first step, obtained by 

dissolving the polymer in sodium phosphate buffer (pH 8), resulting in the partial 

formation of thiolate anions. In the second step, MBA was introduced into the 

AcGGM-SH solution, to accomplish crosslinking via the nucleophilic attack of 

thiolate anions on the α,β-unsaturated bond in the crosslinker. The gelation was 

achieved at ambient condition within 15 min from the moment of introducing MBA 

into the reaction, Figure 10b.  

 

The chemical composition of this hydrogel formulation was then evaluated by FTIR 

spectroscopy. In Figure 10, the FTIR spectrum of AcGGM-S-GM is compared to the 

spectra of AcGGM-S-GT and thiolated AcGGM. In the spectrum of AcGGM-S-GM, 

a relatively lower intensity of N-H bending vibration band at 1530 cm
-1

 indicates a 

smaller contribution of MBA into gel formation. This is further confirmed by 

observing the great resemblance of this spectrum to that of the thiomer precursor 

(AcGGM-SH0.75). This minor contribution partially originates from the competing 
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effect of crosslinking via thiol-disulfide exchange reaction. Crosslinking can occur 

as a result of the nucleophilic attack of a thiolate anion on an already existing 

intermolecular disulfide bond, leading to the cleavage of this S-S bond. As a result, 

a suitable precursor for the formation of an intramolecular S-S bond is created, 

together with a new sulfohydryl group dissociated from the intermolecular disulfide 

bond.
100

 The competing effect of this side reaction, however beneficial for gel 

formation, can be suppressed by replacing MBA with stronger Michael acceptor 

counterparts such as maleimides or vinyl sulfones.
101

 

 AcGGM Interpenetrating Networks  4.2.4

To achieve hemicellulose hydrogels with enhanced moduli, a synthetic strategy for 

developing sequential full IPNs was adopted. Single network hemicellulose 

hydrogels were synthesized from maleate-functionalized AcGGM (AcGGM-MA) 

as the first step to achieve hemicellulose full IPNs. These single networks were 

prepared using either 50 or 70 %(w/w) AcGGM-MA as a crosslinker in the free-

radical crosslinking of AA, Table 6. The single network hydrogels were 

subsequently used as a template for the synthesis of the second network through 

two distinct chemical pathways. Free-radical crosslinking of AAm with MBA was 

used to make the second network in case of AcGGM-IPNx-R networks, while thiol-

ene click reaction between AcGGM-SH and PEG-DA afforded AcGGM-IPNx-T 

gels, Table 6. 

 

The chemical composition of the obtained single network hydrogels and IPNs was 

investigated using FTIR spectroscopy. The representative FTIR spectrum of 

AcGGM-G5 is compared to that of the hydrogel precursor (AcGGM-MA), in Figure 

11. The band at 1720 cm
-1

 in the spectrum of AcGGM-MA represents the C=O 

stretching vibrations of the maleate groups on the backbone of AcGGM. A 

characteristic stretching vibration band of  C=C at 1642 cm
-1

, along with a bending 

vibration band of unsaturated C‒H at 810 cm
-1

, verify the presence of unsaturated 

double bonds on AcGGM-MA precursor. After the crosslinking, the band attributed 

to carbonyl vibrations is shifted from 1720 to 1700 cm
-1

. This shift together with the 

clear increase in the intensity of this band are evidence for the formation of oligo-

acrylic acid chains and the successful crosslinking of the single network hydrogels. 
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The participation of the maleate groups in the covalent crosslinking is further 

confirmed by the disappearance of the unsaturated C=C band at 1642 cm
-1

. 

 

Table 6 Denotation and composition of single network and IPNs made from AcGGM-MA (modified 

from paper IV) 

Single network hydrogels 

Denotation AcGGM-MA %(w/w) AA %(w/w) KPS mol% 

AcGGM-G5 50 50 3 

AcGGM-G7 70 30 3 

IPNs 

Denotation 
Single network 

template 

AAm 

(mg) 

MBA 

(mg) 

AcGGM-SH0.75 

(mg) 

PEG-DA 

(mg) 

AcGGM-IPN5-R AcGGM-G5 60 3 -- -- 

AcGGM-IPN5-T AcGGM-G5 -- -- 20 30 

AcGGM-IPN7-R AcGGM-G7 60 3 -- -- 

AcGGM-IPN7-T AcGGM-G7 -- -- 20 30 
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Figure 11 FTIR spectra of maleate AcGGM (AcGGM-MA) and the single network hydrogel thereof 

(AcGGM-G5) 
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The FTIR spectra of AcGGM-G5 and AcGGM-G7 single networks are compared to 

the FTIR spectra of the corresponding IPNs respectively achieved via free-radical 

and thiol-ene crosslinking pathways in Figure 12. After the formation of the second 

network, three additional peaks in the spectrum of AcGGM-IPN5-R can be 

observed, Figure 12b. The formation of oligo-AAm chains within the single 

network gel is evidenced by the emergence of two bands at 1650 and 1600 cm
-1 

respectively attributed to the C=O stretching and N‒H bending vibrations. The  N‒

H stretching vibrations of amides is also evident from the peak at 3190 cm
-1

, 

appearing alongside the band arising from the O‒H stretching vibrations of 

AcGGM (at 3335 cm
-1

), Figure 12b. The peak attributed to the carbonyl groups in 

AcGGM-G5 structure is however merged into the broad band representing amide 

carbonyls.  

 

 

Figure 12 FTIR spectra of (a) AcGGM-G5 single network, (b) AcGGM-IPN5-R, (c) AcGGM-G7 

single network and (d) AcGGM-IPN7-T 

The formation of IPN structure using thiol-ene crosslinking pathway was confirmed 

by the appearance of new IR absorption bands at 1060 and 1025 cm
-1

 attributed to 

C‒O stretching vibrations of PEG backbone, Figure 12d. Unfortunately, the 

resemblance of the IR spectrum of AcGGM-G7 to that of AcGGM-SH, does not 

allow for the detection of AcGGM-SH in AcGGM-IPN7-T. Hence, the formation of 

IPN structures using thiol-ene chemistry was further studied through assessing the 

4000 3500 3000 2500 2000 1500 1000

1700

d

c

A
b

so
rb

a
n

ce

Wavenumber (cm-1)

1700

1025
1060

4000 3500 3000 2500 2000 1500 1000

16001650

3335 3190

1700

b

a

A
b

so
rb

a
n

ce

Wavenumber (cm-1)



                                                            RESULTS AND DISCUSSION 

45 

swelling properties, rheological behavior, and morphology of AcGGM-IPN5-T and 

AcGGM-IPN7-T. 

4.3 SWELLING BEHAVIOR OF HEMICELLULOSE HYDROGELS 

The ability of hydrogels to absorb desired amounts of water is one of the most 

primary criteria that are used to assign hydrogels to specific applications. In this 

work, the swelling ratios of hemicellulose-based hydrogels were evaluated by 

following the gravimetrical weight gain of hydrogels immersed in large excess of 

water.  

 Swelling in deionized water 4.3.1

 Swelling of SWH based networks 4.3.1.1

The equilibrium swelling ratio (Qeq) in deionized water for hydrogel and semi-IPN 

formulations synthesized from SWHa and SWHb, respectively, are plotted against 

hydrogel composition in Figure 13.  

 

SWHa-al24-G4 shows the highest swelling ratio (Qeq = 172) among SWHa 

hydrogels, Figure 13a, attributed to its lower degree of allyl-substitution (DSal=0.24) 

on SWHa chains, and higher AA content. On the one hand, the lower DSal results in 

fewer crosslinking sites, in turn, reducing the crosslink density of SWHa-al24-G4. 

On the other hand, the higher content of AA and lower amount of SWHa-al (40 

%(w/w)) leads to a stronger effect of the ionized concomitant carboxyl side groups 

of oligo-acrylic acid chains, resulting in a higher swelling ratio. The latter effect is 

also observed in the swelling ratio of SWHa-al38-G4 (Qeq = 91).  
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Figure 13 Maximum swelling ratios of a) SWHa based hydrogels, and b) SWHb based semi-IPNs   

The pendant carboxylic acid groups of oligo-acrylic acid have an approximate pKa 

of 6.8, and are capable of deprotonation in deionized water.
102

 Such ionization 

phenomenon within the hydrogel structure creates a difference in ion concentration 

between the gel and the surrounding milieu. This difference generates an osmotic 

pressure that in turn leads to improved hydrogel swelling.
103
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Among the semi-IPNs synthesized from SWHb, all compositions containing 1% 

MBA show considerably higher maximum swelling ratio than that of semi-IPNs 

containing 2% MBA, Figure 13b. The dramatic decrease in the swelling ratios of 

semi-IPNs containing 2% MBA is in accordance with their higher crosslink density 

that is further discussed under rheological behavior of semi-IPNs. The highest 

swelling ratio was observed for SWHb-G5-1 (Qeq = 225), that is a result of the 

higher content of SWHb and lower content of AA. In this case, it is not expected 

that SWHb contributes to the covalent formation of a polymer network. 

Consequently, a lower degree of crosslinking might be achieved by reducing the 

AA content (higher content of SWHb) while keeping MBA at 1%(w/w). 

 

Swelling curves of a number of hydrogel and semi-IPN formulations respectively 

prepared from allyl-modified SWHa and crude SWHb are presented in Figure 14. 

For comparison purposes, only formulations which contain either 40%(w/w) or 50 

%(w/w) SWH, have been selected. Figure 14a compares the swelling curves of 

hydrogels produced from allylated SWHa with a DSal of 0.24, corresponding to a 

lower number of crosslinking sites, to the swelling curves of semi-IPNs containing 

1% MBA. The swelling ratio of SWHb-G5-1 is in general superior to all other semi-

IPN and hydrogel formulations. Furthermore, using 2% MBA has a more 

pronounced effect on the crosslinking of hydrogel formulations as opposed to 

increasing the degree of allyl modification (e.g. in SWHa-al38). This is concluded 

from the lower swelling values of semi-IPNs than SWHa hydrogels, Figure 14b. 

 

Considering the facile and greener synthesis method of semi-IPNs, together with 

their relatively higher content of renewable components (60% versus 40% in 

SWHa-al24-G4), the current semi-IPN technique could be of great interest in 

creating hydrogels from polysaccharides; specifically, when additional modification 

steps and the use of organic solvents are to be avoided.  
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Figure 14 Swelling curves of SWHa hydrogels and SWHb semi-IPNs fabricated using a) the 

minimum and b) the maximum amounts of crosslinker 

 

 Swelling of AcGGM-SH hydrogels 4.3.1.2

The covalently formed nature of a polymer network can to some extent be assessed 

by its ability to maintain physical integrity upon prolonged immersion in water 

without dissolving in the medium. Covalent gelation of AcGGM-S-GT via thiol 

click reactions was hence further studied by assessing its swelling behavior in 

deionized water. AcGGM-S-GT hydrogel was able to keep its physical integrity and 

reach an equilibrium swelling ratio of Qeq = 11 during 54 h, Figure 15. The lower 

Qeq value of AcGGM-S-GT as opposed to significantly higher swelling ratios of 

SWH-based hydrogels and semi-IPNs, highlights the role of ionizable pendant 

groups in the swelling of hemicellulose hydrogels. AcGGM-S-GT is solely made of 

AcGGM, its swelling behavior is therefore exclusively governed by AcGGM-water 

hydrophilic interactions. The absence of ionizable concomitant groups can 

negatively influence the degree of hydrogel swelling. However, other factors such 

as the molecular weight between crosslinks and the degree of crosslinking also play 

a significant role in the determination of the extent of hydrogel swelling. 

Nonetheless, the present thiol-ene pathway offers a powerful and facile tool for the 

rapid synthesis of hemicellulose hydrogels. 
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Figure 15 Swelling curve of AcGGM-S-GT. 

 

 Swelling of AcGGM based IPNs 4.3.1.3

Swelling behavior of hydrogels and IPNs synthesized from AcGGM-MA was 

studied in deionized water, to assess the effect of hydrogel composition, and the 

second network on the gels’ swelling properties. The swelling curves of AcGGM-

G5 and AcGGM-G7 are plotted against time in Figure 16a and 16b, respectively. The 

higher Qeq of AcGGM-G5 (12.8) than that of AcGGM-G7 (9.5) is attributed to the 

greater content of ionizable moieties (oligo-acrylic acid chains) in AcGGM-G5 

hydrogels. In general, both hydrogel compositions exhibit relatively low swelling 

ratios (compared to e.g. SWH hydrogels). This is ascribed to the significantly 

higher DSMA of the modified AcGGM precursor resulting in a superior crosslink 

density.  

 

IPNs achieved through the thiol-ene crosslinking route showed a lower Qeq after 48 

h than that of the corresponding single networks, Figure 16a and 16b. This could be 

a result of the hampered expansion of IPNs upon swelling due to a denser network 

structure. Moreover, the non-ionic nature of the second network may have hindered 

the boosting effect of the ionic groups of oligo-acrylic acid chains on swelling. IPN 

formulations obtained via free radical crosslinking approach (AcGGM-IPN5-R and 

AcGGM-IPN7-R) however, did not follow this decreasing trend. AcGGM-IPN5-R 

reached its Qeq at a slightly lower value of 12.2, Figure 16a. Whereas, AcGGM-
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IPN7-R samples, on average, exhibited a higher swelling ratio (11.4) than their 

corresponding AcGGM-G7 single networks, Figure 16b. The swelling process of 

AcGGM-G7 is mostly governed by the water-hydrophilic polymer (AcGGM) 

interactions and to a lesser extent by the ionization of the fewer concomitant 

carboxylic acid groups of oligo-acrylic acid chains. After the formation of an IPN 

(AcGGM-IPN7-R), several amide groups associated with the second network, 

coexist with the hydroxyl and carboxylic acid groups of the first network. The high 

polarity of –CONH2– can introduce a third driving force for the diffusion of water 

molecules into the IPN structure, leading to a somewhat higher swelling ratio of 

AcGGM-IPN7-R. This phenomenon has also been observed in IPNs made from 

polyvinyl alcohol and polyAAm.
104

 

 

 

Figure 16 Swelling curves of hydrogels and IPN formulations made from, (a) 50 %(w/w) AcGGM-

MA, and (b) 70 %(w/w) AcGGM-MA 

 

All IPN formulations regardless of their composition and synthesis pathway were 

associated with faster swelling rates as compared to their single network 

counterparts. For instance, AcGGM-G5 reached 60% of its maximum swelling ratio 

after 4 h, whereas, this level of swelling was reached at below 3 h by AcGGM-

IPN5-R and at below 2 h by AcGGM-IPN5-T. A similar trend was also observed for 
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IPN formulation made from AcGGM-G7. This faster swelling rate can be attributed 

to an enhanced capillary-based water transport through the gel structure, Figure 22. 

 

 Swelling of SWH hydrogels in 0.9% saline solution 4.3.2

Incorporating ionic moieties in a hydrogel network has been identified as a 

convenient method for boosting hydrogel swelling. However, the internal ionic 

nature of polymer networks is not the only factor governing their water retention 

capacity. In fact, the presence and the strength of external ions in the swelling 

milieu can greatly influence this phenomenon. The ability of hydrogels to absorb 

and retain water in the presence of external ions is vital for specific applications. 

For instance, in horticultural and agricultural applications hydrogels are intended to 

absorb water in the presence of soil minerals, fertilizers, and other nutrients. 

Moreover, a common standard test for hydrogels intended for hygiene products 

addresses water retention capacity of gels in predefined concentrations of saline 

solution.
92

 The swelling curves in 0.9% saline solution of hydrogels synthesized 

from SWHa, and SWHb-based semi-IPNs, are shown in Figure 17. 

 

  

Figure 17 Swelling curves in 0.9% NaCl solution of a) SWHa hydrogels, and b) SWHb semi-IPNs. 

In all cases, a dramatic decline in the equilibrium swelling values, in comparison 

with their corresponding swelling ratios in deionized water, can be observed. The 
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correlation between hydrogel composition and equilibrium swelling ratio in saline 

solution is however consistent with their analogous swelling results in deionized 

water. Using a highly substituted SWHa fraction as a hydrogel precursor (e.g. in 

SWHa-al38-G4 and SWHa-al38-G5), lowered the equilibrium swelling, Figure 17a. 

Similarly, increasing the amount of crosslinker (in SWHb-G4-2 and SWHb-G5-2) 

also led to a lower swelling ratio in saline solution, Figure 17b.  

 

Swelling of polymer networks containing dissociable ionic groups is driven by a 

combination of polymer-water interactions, and osmotic pressure generated by the 

counter ions.
105

 When polyelectrolyte  networks (hydrogels containing dissociable 

ionic groups) are placed into saline solution, a difference in salt concentration, 

between the vicinity of hydrogel and the remainder of the medium, occurs.
105

 This 

phenomenon is known as concentration redistribution.
106

 As a result, low molecular 

weight mobile ions can diffuse into the gel structure, and introduce a shielding 

effect on the carboxylate anions of oligo-acrylic acid chains. This shielding effect 

minimizes the difference in ion concentration within the hydrogel and the 

surrounding medium. Consequently, osmotic pressure is reduced and eventually a 

much lower equilibrium swelling ratio is achieved. The counterion shielding effect 

also interferes with the anion-anion repulsion of carboxylate anions, causing a 

diminished gel expansion during swelling.     

 

This reduction in the swelling ratio of polyelectrolyte networks in saline solution 

continues as the ionic strength of the solution is increased, until a minimum known 

as “shrinkage point” is reached. Hence, identifying the shrinkage point of hydrogels 

could be essential for certain applications. The representative equilibrium swelling 

ratio of SWHa-al24-G4 versus the ionic strength of saline solution is plotted in 

Figure 18. By increasing the ionic strength, the swelling ratio is reduced until the 

shrinkage point is reached at 0.4 M NaCl.   
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Figure 18 Equilibrium swelling ratio of SWHa-al24-G4 as a function of the ionic strength of saline 

solution 

4.4 MORPHOLOGICAL STUDIES OF HEMICELLULOSE 

HYDROGELS 

Investigating the microstructure of hydrogels using scanning electron microscopy 

(SEM) is a valuable method to gather additional information on the porosity and 

morphology of such polymeric networks. Moreover, studying SEM images of 

hydrogels can help confirming the formation of a three dimensional network-like 

structure. Therefore in this work, the morphology and topography of lyophilized 

hemicellulose networks, in dry and swollen states, were studied by SEM. 

 

Representative SEM micrographs of the surface and cross-section of SWHa-al24-G4, 

in its dry and swollen state (equilibrium swelling in deionized water) are presented 

in Figure 19. In the dry state, this SWHa hydrogel appears with a dense solid-like 

structure. The hydrogel structure expands with swelling, where the emergence of 

pores is evident in SEM images. The expansion of the hydrogel network as a result 

of accommodating water is vividly noticeable, although, the contributing effect of 

lyophilization into pore formation should not be neglected.    
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Figure 19 SEM micrographs (x250 magnification) of the surface and cross-section of SWHa-al24-G4 

in dry and swollen states  

 

A similar trend is also evident from the representative SEM micrographs of SWHb 

semi-IPNs, Figure 20. The expansion of hydrogel structure, and the emergence of 

pores during the swelling process, can also be observed in the images obtained from 

the surface and cross-section of SWHb-G5-1 and SWHb-G5-2, Figure 20a1-20a3 and 

20b1-20b3. 

 

The influence of the crosslinker (MBA) content on the microstructure of SWHb 

semi-IPNs was also investigated by comparing the SEM micrographs of the cross-

sections of SWHb-G5-1 and SWHb-G5-2 in swollen state, Figure 20a4 and 20b4. 

The cross-section of SWHb-G5-1 shows a well-oriented porous structure, where 

pores are surrounded with thin walls, Figure 20a4. On the contrary, SWHb-G5-2 

appears as a denser structure with fewer pores, Figure 20b4. This is in consistence 

with the difference in the equilibrium degrees of swelling obtained for SWHb-G5-1 

and SWHb-G5-2 (Q = 225 and 20, respectively), that in turn is a function of the 

crosslink density of each semi-IPN composition. 
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Figure 20 SEM micrographs of SWHb semi-IPNs showing; surface of dry gels (a1 and b1), surface of 

swollen gels (a2 and b2) and their cross-section in swollen state at x100 (a3 and b3) or x300 (a4 and 

b4) magnification 
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The microstructure of AcGGM-S-GT hydrogel was examined to gain a better insight 

into the formation of a crosslinked hemicellulose network through thiol-ene click 

reaction, Figure 21. The formation of a porous network structure, and its expansion 

as a consequence of swelling, is clearly visible in SEM images, Figure 21. The 

smaller pore size of AcGGM-S-GT (Figure 21 right) as compared to the larger pore 

size of for instance SWHa-al24-G4 (Figure 19 right), shows a direct correlation 

between the degree of hydrogel swelling and its pore size. Even though the 

fundamental differences in their composition and synthetic pathways may not allow 

an accurate comparison.       

 

 

 

Figure 21 SEM micrographs (x250 magnification) of dry surface, swollen surface, and swollen cross-

section of AcGGM-S-GT 

 

 

The representative porous microstructure of hemicellulose IPNs made from 

AcGGM-G5 and their respective single network structures are shown in Figure 22.  

By comparing the porous structure of the IPNs to that of the single network 

reference (AcGGM-G5), a clear decrease in hydrogel’s pore size can be observed. 

This reduced pore size indicates an enhanced interconnectivity achieved upon 

incorporating a second network within the first. In fact, comparing the 

microstructure of AcGGM-IPN5-R (Figure 22 middle) and AcGGM-G5 (Figure 22 

top) with similar equilibrium swelling ratios, highlights the direct correlation of the 

reduced pore diameter with a higher degree of interconnectivity. 
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Figure 22 SEM micrographs of AcGGM-G5 and the IPN formulations thereof at x200 magnification 

(left) and at x500 magnification (right) 

4.5 MECHANICAL PROPERTIES 

 Thermomechanical properties of SWHa hydrogels 4.5.1

Dynamic mechanical thermal analysis (DMTA) is a valuable tool to study thermo-

mechanical properties of hydrogels subjected to compressive deformation at 

different temperatures. Compressive storage (E′) and loss (E″) moduli of SWHa-
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based hydrogels in semi-swollen state were monitored using DMTA. Disc-shaped 

samples were exposed to compressive deformation at a frequency of 1Hz in a 

temperature window of 25-60 °C. The E′ and E″ of four representative 

compositions of SWHa hydrogels synthesized from either SWHa-al24 or SWHa-al38 

are plotted against temperature in Figure 23. In all cases, the obtained E′ was 

superior to the E″ at every data-point, regardless of the hydrogel composition. This 

indicates a solid-like behavior of SWHa hydrogels, where their elastic response 

dominates their viscous response. In fact, this behavior has previously been 

described by  Almdal et al as a key criterion when defining a gel structure.
107

  

 

The E′ and damping (tan δ) values for all SWHa hydrogels acquired at 25 and 60 °C 

are tabulated in Table 7. As the temperature reached the upper limit (60 °C), all 

SWHa hydrogel compositions experienced a decreasing trend in their E′, attributed 

to water evaporation. However, SWHa-al24-G4 shows slight fluctuations in the value 

of E′ as the temperature nears 50 °C, which might be a consequence of further 

crosslinking triggered by monomer residues trapped in this formulation despite 

thorough purification.  

 

Table 7 Storage moduli and damping of SWHa-based hydrogels acquired from DMTA 

 

Sample  E′ (kPa) at room 

temperature  

E′ (kPa) at 

 60° C 

tan (δ) at  

room temperature  

tan (δ) at  

60° C 

SWHa-al24-G4 8.83 8.57 0.42 0.35 

SWHa-al24-G5 5.64 4.81 0.18 0.24 

SWHa-al24-G6 10.05 6.92 0.25 0.29 

SWHa-al36-G4 15.69 11.22 0.16 0.14 

SWHa-al36-G5 3.90 3.34 0.16 0.10 

SWHa-al36-G6 6.50 5.57 0.24 0.20 

SWHa-al37-G4 6.39 5.42 0.25 0.20 

SWHa-al37-G5 9.19 9.09 0.15 0.16 

SWHa-al37-G6 9.95 8.71 0.37 0.35 

SWHa-al38-G4 8.00 6.64 0.10 0.12 

SWHa-al38-G5 5.05 4.19 0.13 0.14 

SWHa-al38-G6 0.51 0.21 0.24 0.31 
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Figure 23 Representative storage (E′) and loss (E′′) compression moduli of SWHa hydrogels acquired 

from DMTA 

Considering all the E′ and E″ results obtained from DMTA analysis of SWHa 

hydrogels, variations in the hydrogel composition, and degree of SWHa-al 

substitution, have not imposed a dramatic impact on the mechanical properties. All 

SWHa hydrogel formulations showed a compressive E′ within the range of 0.5-15 

kPa at 25 °C.  

 Rheological behavior of (semi-) interpenetrating hydrogels 4.5.2

The gelation kinetics of SWHb semi-IPNs was followed employing in situ small 

amplitude oscillatory shear analysis in a time-sweep mode using 1% strain and a 

frequency of 1 Hz. The point at which G′ and G″ cross over each other (tan δ = 1) 
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was determined for each sample as the intermediate state of transitioning from 

liquid to solid, otherwise known as “gel point” (GP).
108,109

 

 

The variations in G′ and G″ of SWHb semi-IPNs with the highest and lowest SWHb 

and crosslinker (1 or 2 %(w/w) MBA) contents are plotted against the crosslinking 

time (30 min) in Figure 24. Comparing the gelation kinetics of SWHb-G3-1 and 

SWHb-G3-2, both containing 20%(w/w) Ma-CMC and 30%(w/w) SWHb, clearly 

demonstrates the effect of crosslinker (MBA) content on GP. SWHb-G3-1 reached 

its GP after 353 seconds of reaction, while this was reduced to almost half (169 s) 

by doubling the amount of MBA in SWHb-G3-2. The trend observed in the 

rheological behaviors of SWHb-G5-1 and SWHb-G5-2 is also in agreement with the 

expected effect of MBA content on GP, Figure 24.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24 Variations of shear storage (G′) and shear loss (G″) moduli of SWHb semi-IPNs as a 

function of crosslinking reaction time 
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The maximum G′ and G″ of SWHb semi-IPNs are tabulated in Table 8. The greatest 

G′ values were achieved for SWHb-G3-2 and SWHb-G4-2 with similar AA and 

MBA contents, leading to a higher crosslink density. On the other hand, SWHb-G5-

1 with the highest fraction of SWHb and 1%(w/w) MBA exhibited the lowest G′ as 

a result of its fewer crosslinking sites, Table 8. All semi-IPN samples, regardless of 

their chemical composition, experienced a gelation process comprised of three 

stages, which is a typical characteristic of crosslinking gels.
110,111

 In the first stage 

known as incubation stage the gel behaves like a liquid. The incubation stage leads 

to the second stage in which sol-gel transition occurs, characterized by a rapid 

increase in G′. Finally, a plateau stage is reached during which the gelation is 

complete and G′ reaches the equilibrium value. All SWHb semi-IPNs achieved the 

equilibrium G′ within 30 min of crosslinking reaction at 65 °C, displaying a rapid 

gelation.  

 

Table 8 Gel point (GP), shear storage (G′) and shear loss (G″) moduli of SWHb semi-IPNs 

 

The G′ and G″ of hydrogels made from AcGGM-MA was analyzed using 

rheometry before and after IPN synthesis, to assess the effect of the second network 

on hydrogel’s moduli. A frequency sweep test using 1% strain was performed on 

hydrogel or IPN discs with 20 mm diameter. The representative G′ and G″ of 

AcGGM-G5 and its corresponding IPNs obtained via free radical crosslinking 

(AcGGM-IPN5-R) and thiol-ene click reaction (AcGGM-IPN5-T) are plotted versus 

frequency in Figure 25. All AcGGM-MA hydrogels and IPNs showed a higher G′ 

than G″ over the entire frequency range, representing their dominant elastic 

response and indicating their solid-like behavior, Table 9.  

 

Semi-IPN composition 
Time to reach 

GP (s) 

Max  G′ 

(kPa) 

Max  G″ 

(kPa) 

SWHb-G3-1 353 4.102 0.180 

SWHb-G4-1 697 0.691 0.069 

SWHb-G5-1 1222 0.169 0.051 

SWHb-G3-2 169 7.402 0.198 

SWHb-G4-2 361 7.516 0.132 

SWHb-G5-2 676 1.402 0.067 
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Both chemical pathways for IPN synthesis induced an enhancement of the shear 

storage moduli of hemicellulose hydrogels. This is exemplified by a seven-fold 

increase in the G′ of AcGGM-G5 after IPN formation (AcGGM-IPN5-R) as 

illustrated in Figure 25.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25 Effect of IPN formation on the G′ and G″ of representative hydrogels made from AcGGM-

MA 

A more significant increase in the G′ of AcGGM-G5 is observed after incorporating 

the second network via thiol-ene reaction between AcGGM-SH0.75 and PEG-DA, 

Table 9 and Figure 25. This boosting effect of an order of magnitude could be 

attributed to a number of factors such as chain entanglements caused by the 
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diffusion of higher molecular weight AcGGM-SH chains, or the formation of PEG 

based network domains as a result of potential homopolymerization of PEG-DA. 

However, other contributing factors such as the relatively lower water content of 

AcGGM-IPN5-T, and its comparatively higher content of the PEG-DA crosslinker 

(than MBA content in AcGGM-IPN5-R) should not be neglected.    

 

Table 9 Average G′ and G″ of AcGGM-MA based hydrogels and IPNs at 1 Hz frequency 

Denotation G′ (kPa) G″ (kPa) 

AcGGM-G5 1.43 ± 0.53 0.12 ± 0.03 

AcGGM-G7 1.54 ± 0.76 0.55 ± 0.38 

AcGGM-IPN5-R 6.76 ± 2.03 0.49 ± 0.27 

AcGGM-IPN7-R 3.75 ± 0.86 0.37 ± 0.12 

AcGGM-IPN5-T 51.37 ± 7.48 2.49 ± 0.67 

AcGGM-IPN7-T 64.64 ± 47.9 5.31 ± 3.55 

 

4.6 GENERAL COMPARISON OF HEMICELLULOSE HYDROGELS 

Within the framework of this thesis, four synthetic pathways for the design of 

hydrogels from biomass-derived AcGGM were developed. This section aims to 

compare the utilized synthetic strategies with respect to the properties of each final 

hydrogel.  

 

From an industrial standpoint, facile chemical pathways that require the minimum 

number of synthesis steps are more interesting. In addition, to fulfill a more 

sustainable chemical synthesis, the use of hazardous chemicals and organic solvents 

should be minimized. In this thesis, the conditions used in the synthesis of SWHb 

semi-IPNs are to a large extent in agreement with sustainable chemical synthesis. 

By utilizing unrefined and unmodified SWHb in hydrogel design, several cost- and 

energy-inefficient upgrading or functionalization steps were avoided. The use of 

water as the reaction medium throughout the steps, and utilizing organic substances 

that do not pose environmental hazards are specific qualities of this synthetic route. 

One-pot thiolation, and esterification with MA of AcGGM also offer one-step 



                                                            RESULTS AND DISCUSSION 

64 

AcGGM modification methods as the first step for hydrogel design. The use of 

thiol-ene and Michael addition click reactions can in principle result in AcGGM 

hydrogels with more defined network structures through a crosslinking chemistry 

that produces less waste. On the contrary, the use of free-radical crosslinking may 

lead to less defined hydrogel structures, and perhaps more waste production (due to 

homopolymerization of monomers). In general, all AcGGM chemical modification 

methods require a number of purification steps on the modified AcGGM fraction. 

This could to some degree be an inevitable drawback of chemically modifying 

native hemicelluloses.  

 

Considering the crosslinking chemistry of hydrogels, thiol-ene reaction, Michael 

addition reaction, and the free-radical crosslinking of SWHb hydrogels provided the 

fastest-forming hydrogels. There is no exact data on the gel point of SWHa 

hydrogels and AcGGM IPNs. However, both crosslinking reactions were performed 

for 1 h at elevated temperature.  

 

Using these four chemical pathways, AcGGM hydrogels with a variety of 

properties were obtained. SWHa hydrogels and SWHb semi-IPNs were 

characterized with the highest equilibrium swelling ratios. This is primarily ascribed 

to the presence of concomitant ionizable acrylic acid moieties within the hydrogel 

structures, and their lower crosslink density. High swelling ratios such as Qeq = 225 

qualifies SWH-based hydrogels for applications where rather large water uptake is 

targeted (e.g. water absorbent agent with agricultural purpose).
112

 Both AcGGM 

click hydrogels and AcGGM full IPNs exhibited drastically lower Qeq values as 

compared with the SWH-based gels. This is firstly due to the absence or limited 

number of ionizable groups in the structure of the former gels as opposed to the 

latter. Secondly, the higher degree of cross-linking of for instance AcGGM-G5 and 

AcGGM-G7 also largely affects their respective Qeq. 

 

The pore size and porous structure in swollen state of all AcGGM hydrogels was in 

direct correlation with their swelling ratio and network density. SWHb-G5-1 and 

SWHa-al24-G4 appeared with large pores in SEM micrographs, corresponding to 

their higher swelling ratios and lower degree of cross-linking. AcGGM-S-GT, and 

AcGGM-MA hydrogels and IPNs showed smaller pore size due to their lower 

swelling ratios, and higher network density (in case of IPNs).
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5 CONCLUSIONS 

 

Various synthetic pathways for the conversion of biomass-derived O-acetyl 

galactoglucomannan (AcGGM), in unrefined and purified states, into hydrogel 

structures were designed and elaborated.  In order for the employed hemicellulose 

fractions to fulfill the requirements of each synthetic route, desired chemical 

functionalities were introduced onto the AcGGM backbone.  

 

AcGGM-rich and lignin containing side stream process liquors of forest industry 

known as wood hydrolysates (WHs), in their crude state, were transformed into 

highly swelling hydrogels and semi-interpenetrating polymer networks (semi-

IPNs). Allyl modification of SWHa acquired from pre-hydrolysis kraft cooking for 

dissolving pulp afforded a suitable allyl-bearing substrate for network formation. 

This modified fraction with tunable degree of allyl substitution was converted into 

highly swellable (Qeq = 170) hydrogel networks through free radical crosslinking 

with acrylic acid (AA). SEM and DMTA analysis indicated the porous structure and 

the solid-like behavior of these hydrogels.  

 

SWHb, an AcGGM containing WH obtained from hydrothermal treatment of 

softwood chips, was directly utilized in the synthesis of highly swelling semi-IPNs 

through a green chemical pathway. SWHb (30 to 50 %(w/w)) was interlaced within 

a semi-renewable network structure made from methacrylated 

carboxymethylcellulose, crosslinked with AA and methylenebisacrylmide (MBA). 

FTIR analysis confirmed the successful incorporation of SWHb into these highly 

swelling networks (Qeq = 225). The fast gelation kinetics of the semi-IPNs was 

assessed using oscillatory rheometry.  
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One-pot thiolation of pure AcGGM was elaborated as a robust method enabling the 

use of hemicelluloses in a broad array of click-type reactions. This was exemplified 

by the synthesis of AcGGM hydrogels through thiol-ene and thiol Michael addition 

click reactions using MBA as a di-functional crosslinker. FTIR analysis confirmed 

hydrogel formation through thiol-click reactions. Swelling test in deionized water 

and SEM investigations verified the porous structure of the swollen hydrogels (Qeq 

= 11).  

 

A method for the synthesis of sequential hemicellulose IPNs was developed. 

Maleate functionalized pure AcGGM chains were first used to fabricate single 

network hydrogel templates. These templates were in the second step utilized for 

the synthesis of IPNs employing either free radical crosslinking or thiol-ene 

crosslinking. Designing AcGGM IPNs led to an increase in the shear storage 

moduli of the hydrogels (4 times to more than 10 times) depending on the adopted 

synthetic approach. In SEM micrographs, IPN formulations appeared with smaller 

pore size than the single network counterparts. 
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6 FUTURE WORK 

The chemical strategies developed within the framework of the present study have 

addressed several possible routes to transform biomass hemicellulose into 

hydrogels. A remaining challenge is to select the most applicable synthesis scheme 

to design competitive hemicellulose hydrogels targeted for specific applications. 

There are many potential applications for these hydrogels such as absorbents in 

water treatment, agriculture, hygiene products or even perhaps within biomedical 

field. However, for each application suitable co-components must be utilized and 

the energy and cost efficiency of the synthetic route must be investigated. In 

addition, adapting the physical and mechanical performance of hemicellulose 

hydrogels according to such real-life applications is essential.  

 

Although hemicelluloses are characterized with inherent biodegradability, there is 

little known about the degradation profile of the current hydrogels. Extensive 

degradation studies would be a preliminary step when estimating the shelf life of 

potential hemicellulose-based hydrogel products. Furthermore, a realistic adaptation 

of the synthetic methodologies to design hemicellulose based hydrogel products is 

required to meet the economic demands of the corresponding markets.    
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