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Abstract  
Recently emerged top-down processing concept has provided new insights into the chemical 
modification of wood at the nanoscale. Nanostructured wood with naturally aligned cellulose 
microfibrils, cell wall nanoporosity, and precisely tuned chemical composition has opened up 
numerous possibilities for advanced design of functional materials. In this thesis, novel 
chemical modification strategies have been developed to obtain nanostructural control and 
surface functionalization of nanostructured wood. Functional biocomposite materials with 
superior mechanical and optical performance, high CO2 adsorption capacity, and immobilized 
protein have been fabricated using the novel chemically modified nanostructured wood.  

The direct preparation of nanostructured wood from hardwood balsa was achieved by 
structure retaining delignification using acidic sodium chlorite. Crosslinking of the matrix 
polysaccharides using a homobifunctional epoxide compound was necessary as a 
pretreatment step for softwood spruce to maintain its structure integrity after complete 
delignification. Further chemical modification of delignified balsa wood through 2,2,6,6-
tetrametylpiperidin-1-oxyl (TEMPO)-mediated oxidation selectively oxidized surface 
hydroxyls to carboxyl groups and induced fibrillation of cellulose microfibrils within the cell 
wall. Therefore, TEMPO-oxidized wood (TO-wood) with high carboxylate content (0.78 mmol 
g-1), high specific surface area (249 m2 g-1), and large mesopore volume (0.78 cm3 g-1) was 
successfully produced. Tunable microstructure of TO-wood was subsequently obtained by 
incorporating different counterions (H+, Cu2+, Al3+, Zn2+) or by employing different drying 
methods (super critical drying and freeze drying). In addition, surface amination method was 
also developed on highly mesoporous delignified spruce cellulose scaffold to introduce a 
reactive handle for immobilization of biomolecules. These chemically modified 
nanostructured wood have inspired the fabrication of wood-based biocomposites with new 
functionalities that are not possible with traditional wood materials. 

Delignified balsa wood showed stronger hydrophilicity and larger porosity, which allowed the 
formation of composite hydrogels through infiltration of gelatin and crosslinking with genipin. 
The composite hydrogels showed high mechanical strength under compression and low 
swelling in physiological condition. The preserved cellular structure and fibrillated cellulose 
microfibrils in TO-wood enabled facile fabrication of compressible aerogel and exceptionally 
strong film (tensile strength of 449 MPa and Young’s modulus of 51 GPa) upon different 
drying conditions. Fibrillation of cellulose microfibrils was also found critical to the inter-
penetration between cell wall and poly(N-isopropylacrylamide) (PNIPAM) hydrogel network, 
producing tough and highly transparent composite hydrogel with a total transmittance of 
85.8% at thickness of 2 mm. The TO-wood/PNIPAM hydrogel was able to reversibly switch 
between transparent and brightly white in response to environmental temperature change 
between 25 and 40 °C. Surface carboxyl groups of TO-wood also facilitated the surface 
coordination of cell wall to multivalent metal ions, which subsequently enhanced the in situ 
synthesis of metal organic frameworks (MOFs). The resulting TO-wood/Cu3(BTC)2 (copper 
benzene-1,3,5-tricarboxylate) composite aerogel showed high specific surface area of 471 m2 
g-1 and high CO2 adsorption capacity of 1.46 mmol g-1 at 25 °C under atmosphere pressure. 
The highly mesoporous and mechanical robust spruce derived cellulose scaffold laden with 
reactive amine groups allowed covalent immobilization of functional biomolecules, such as a 
lectin protein concanavalin A, which demonstrated potential glycoprotein-binding and 
separation applications. 

Keywords: Wood; nanostructured materials; nanocellulose; delignification; oxidation; 
crosslinking; amination; MOFs; transparent film; hydrogel; aerogel; biocomposites; 
mechanical properties; thermochromic materials; CO2 capture; protein immobilization. 



 

Sammanfattning 
Miljövänliga top-down-metoder som börja med trä har gett ny insikt i forskning om kemisk 
modifiering i nanoskalan. Nanostrukturerat trä med naturligt orienterade 
cellulosamikrofibriller, nanoporösa cellväggar och exakt avstämd kemisk sammansättning 
har öppnat många möjligheter för avancerad design av funktionella material. I denna 
avhandling har nya kemiska modifieringsstrategier utvecklats för att erhålla nanostrukturell 
kontroll och ytfunktionalisering av nanostrukturerat trä. Funktionella biokompositmaterial 
med höga mekaniska egenskaper och hög optisk prestanda, hög CO2-adsorptionskapacitet 
och immobiliserat protein har tillverkats med det nya kemiskt modifierade 
nanostrukturerade träet. 

Den direkta beredningen av nanostrukturerat trä från balsa uppnåddes genom delignifiering 
som bevarar träets naturliga struktur. Tvärbindning av matrispolysackariderna med 
användning av det homofunktionella tvärbindningsmedlet butandiol-diglycidyleter var 
nödvändig som ett förbehandlingssteg för gran för att bibehålla dess strukturella integritet 
efter fullständig delignifiering. Ytterligare kemisk modifiering av delignifierat balsa genom 
2,2,6,6-tetrametylpiperidin-1-oxyl (TEMPO)-medierad oxidation selektivt oxiderade 
ythydroxyler till karboxylgrupper och inducerad fibrillering av cellulosamikrofibriller i 
cellväggen. Därför framställdes framgångsrikt TEMPO-oxiderat trä (TO-trä) med hög 
karboxylathalt (0,78 mmol g-1), hög specifik yta (249 m2 g-1) och stor mesoporvolym (0,78 cm3 
g-1). Avstämbar mikrostruktur av TO-trä erhölls därefter genom att inkorporera olika 
motjoner (H+, Cu2+, Al3+, Zn2+) eller genom att använda olika torkningsmetoder (superkritisk 
torkning och frystorkning). Dessutom var ytan amineringsmetod också utvecklat på mycket 
mesoporöst delignifierade grancellulosa ställning för att införa ett reaktivt handtag för 
immobilisering av biomolekyler. Dessa kemiskt modifierade nanostrukturerade trä har 
inspirerat tillverkningen av träbaserade biokompositer med nya funktioner som inte är 
möjliga med traditionella trämaterial. 

Delignifierat balsaträ visade starkare hydrofilicitet och större porositet, vilket möjliggjorde 
bildandet av komposithydrogeler genom infiltrering av gelatin och tvärbindning med genipin. 
Komposithydrogelerna uppvisade hög mekanisk hållfasthet under kompression och låg 
svullnad i fysiologiskt tillstånd. Den bevarade cellulära strukturen och fibrillerade 
cellulosamikrofibriller i TO-trä möjliggjorde enkel tillverkning av kompressibel airgel och 
exceptionellt stark film (draghållfasthet 449 MPa och Youngs modul på 51 GPa) vid olika 
torkningsförhållanden. Fibrillering av cellulosamikrofibriller visade sig också vara kritisk för 
interpenetrationen mellan cellvägg och poly(N-isopropylakrylamid) (PNIPAM) 
hydrogelnätverk, vilket producerar tuff och mycket transparent komposithydrogel med en 
total transmittans på 85,8% vid en tjocklek av 2 mm. TO- trä/PNIPAM hydrogel kunde växla 
mellan transparent och vitt som svar på temperaturförändringar mellan 25 och 40 °C. 
Ytkarboxylgrupper av TO-trä underlättade också ytkoordinering av cellvägg till multivalenta 
metalljoner, vilket därefter förbättrade in situ-syntesen av metallorganiska ramar (MOFs). 
Den resulterande TO-trä/Cu3 (BTC)2 (kopparbensen-1,3,5-trikarboxylat) komposit-aerogelen 
uppvisade hög specifik yta på 471 m2 g-1 och hög CO2-adsorptionskapacitet på 1,46 mmol g-1 
vid 25 °C under atmosfärstryck. Den mycket mesoporösa och mekanisk robust gran härledd 
cellulosa nätverk lastat med reaktiva amingrupper är tillåtna kovalent immobilisering av 
funktionella biomolekyler, såsom ett lektin protein konkanavalin A, som visade potentiella 
glykoprotein-bindande och separationstillämpningar. 

Nyckelord: Trä; nanostrukturerade material; nanocellulosa; delignifiering; oxidation; 
tvärbindning; amination; MOFs; transparent film; hydrogel; airgel; biokompositer; 
mekaniska egenskaper; termokromiska material; CO2-avskiljning; proteinimmobilisering. 
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1. Introduction 
 
Wood, or the secondary xylem of trees, is the most abundant renewable 
biomass in the world. Wood has natively developed hierarchy with complex 
arrangement of components at multiple levels, from molecular to 
macroscopic scale. Wood tissues comprise mainly fibers as well as other 
types of cell elements which are built with cellulose microfibrils and matrix 
components (lignin and hemicellulose) in their cell wall. Conventional 
wood modification approaches, such as acetylation and heat treatment, are 
often applied to improve the stability and durability of wood. However, the 
insights into structure control of wood at molecular and nano scale are 
lacking. In recent emerging nanotechnology for top-down processing of 
wood-based materials, new wood modification method, e.g. structure 
retaining delignification1, has been implemented to generate nanoporosity 
in wood cell wall and to precisely control the chemical structure of wood, 
forming nanostructured wood. The term ‘nanostructured wood’ is different 
from commonly used nanocellulose or pulp fibers because both the wood 
morphology and its cellular structure are well preserved, resulting in a 
three-dimensional (3D) cellulose scaffold with structure hierarchy.2 The 
nanostructure generated in wood cell wall enables the adaption of 
knowledge developed on surface modification of nanocellulose for 
processing, functionalization and application of wood-based materials in 
ways beyond conventional manner, reducing the energy input and 
environmental impact of material fabrication.  

1.1 Thesis objective 
The scientific objective of this thesis is to develop controlled chemical 
modification and functionalization methods for nanostructured wood 
towards novel functional biocomposites. Different chemical modification 
pathways are designed to obtain mesoporous nanostructured wood from 
both hardwood and softwood with well-preserved natural structural 
integrity. TEMPO-mediated oxidation and amination are used to 
chemically tailor the surface hydroxyl groups to achieve nanostructural 
control and surface functionalization. The developed nanostructured wood 
resembling cellulose networks are used for making biocomposites with 
exceptional mechanical properties and multifunctionality. The structure-
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property-function relationship is studied to understand the porosity, 
optical and mechanical properties, anisotropic features, and reinforcing 
mechanism of nanostructured wood based composite materials, 
demonstrating the structural advantage of nanostructured wood for 
various functional applications. 

1.2 Structure of wood 
Wood possesses hierarchical structure ranging from molecular to 
macroscopic scale (Figure 1.1).3 The linear glycan chains at molecular 
scale are organized into cellulose microfibrils with width of 3–4 nm and 
length of several micrometers. The cellulose microfibrils are composed into 
microfibrils bundles (or cellulose aggregates) which are the main cell wall 
components of micron size fibers. Fiber cells, together with other types of 
cells, are arranged into wood tissues according to their functions to form 
the macroscopic wood in tree or other plants. The understanding of wood 
hierarchy provides useful information for material design on different 
scales. The integration of multilevel structure remains challenging to be 
mimicked by bottom-up assembly of nano- or molecular materials.  

 
Figure 1.1 Hierarchical structure of wood. With permission.3 

1.2.1 Macro- and microstructure of wood 
One of the main advantages to use nanostructured wood is derived from 
the unique organization of cell elements in wood tissues, which provides 
unique hierarchical structure to inspire material design and ease the 
materials formation process. Anatomically, as shown in Figure 1.2, wood 
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is composed of radial system (ray parenchyma and ray tracheids in radial 
direction) and axial system (tracheids, vessels, fibres, and parenchyma in 
longitudinal direction) which are interpenetrating and interconnected to 
maintain structural integrity and provide different functions.4  

 
Figure 1.2 the microstructure of wood. With permission.4 

Softwood (gymnosperm), such as Norway spruce (Picea abies), possesses 
simple system consisting of 95 % axially aligned tracheids in longitudinal 
direction (diameter: 25–80 µm, average diameter: 30 µm) which provide 
mechanical support as well as fluid conduction.5 While 4.7% of the volume 
is made up of ray cells for radial mass conduction, storage and 
regeneration.6 Evolutionarily, the tracheary cells in hardwood (angiosperm) 
have differentiated into two components, vessels and fibers, with specific 
functions. Vessels, with thin wall, large diameter (50–200 µm) and short 
length (0.2–1.2 mm), function mainly as liquid conductive tissues whereas 
fibers, with relatively thick cell wall and small opening (~15 µm), provide 
mechanical support.7 Compared to softwood, hardwood has more radial 
cells (c.a. 7–30%, v:v).8, 9 The length of softwood tracheids can reach up to 
4 millimeters while hardwood fibers are much shorter (1–2 mm).  
Macroscopically, in most wood species, a growth ring or annual ring 
pattern is observed due to the existence of earlywood (EW) and latewood 
(LW) which possess distinct density, cell wall dimensions, fluidic 
conductivity and chemical composition.10 Such feature is an adaption of 
tree to the dynamically changing environment throughout a year. The 
distribution of vessels also forms different patterns (diffused porous and 
ring porous) which are important features for the identification of different 
hardwood species.11  
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1.2.2 Ultrastructure of wood 
The cell wall of wood tracheary elements comprises of a multilayer 
structure in which cellulose microfibrils are embedded in a matrix of 
hemicellulose and lignin. The alignment of cellulose microfibrils in the 
layered cell wall of wood is physiologically controlled by tree, in response 
to internal or external stress during its maturation.12 Usually, primary cell 
wall (P) and secondary cell wall (S) with distinct thickness, can be 
identified based on the orientation of cellulose microfibrils.13 The 
intercellular region between cells is called middle lamella (ML), which 
forms compound middle lamella (CML) together with primary cell wall, as 
shown in Figure 1.3. 

  
Figure 1.3 Layered cell wall structure indicating orientation of cellulose microfibrils. 
Reproduced with permission.14 

In the secondary cell wall of mature wood, mainly three layers (S1, S2 and 
S3) can be identified, as illustrated in Figure 1.3. S2 layer accounts more 
than 80% of the volume of secondary cell wall and cellulose microfibrils in 
S2 are mainly oriented along the growing direction with varied tilting 
called microfibril angle (MFA) to provide adequate mechanical support for 
height growth.15 MFA of the S2 layer of mature wood is in range of 5–20°.16	
S1 and S3 are much thinner layers but with important functions in 
strengthening wood cells in transverse direction against buckling and 
collapse.17 Cellulose microfibrils in those two layers are mainly oriented 
horizontally with MFA around 50–70°. 

1.2.3 Molecular structure of wood 
Wood is mainly composed of cellulose, hemicellulose, and lignin. There are 
also minor compounds such as resin, wax and extractives.18 Cellulose 
accounts of about 40–50% of the total wood mass while the content of 
hemicellulose and lignin in wood are around 15–35% and 15%–30%, 
respectively.19  
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Cellulose 

In cellulose, D-glucose units are connected through β-(1→4)-glycosidic 
linkages to form entirely linear polymer chain with degree of 
polymerization up to ten thousand. The glycan chains are strongly 
associated with each other to form crystalline domains, while a less ordered 
chain segment, amorphous domain, also exists. The glycan chains are 
interconnected through intermolecular hydrogen bonding to form 
cellulose microfibrils with theoretically high modulus over 100 GPa, which 
forms the basis of strong and tough materials to be developed from 
cellulose.20  

Hemicellulose 

Hemicellulose is a group of heterogeneous polysaccharides with different 
backbones and side chains. In wood, glucomannan and xylan are the major 
types of hemicellulose.19 Comparing with cellulose, hemicellulose is more 
branched with much lower degree of polymerization around 200.21 
Hemicellulose lacks crystalline domain and contributes mainly to the 
amorphous peaks in the X-ray diffraction (XRD) pattern of wood. The 
function of hemicellulose in wood has been proposed in various hypothesis, 
e.g.: binder between cellulose microfibrils for maintaining primary cell 
wall integrity and extension22; restricting spacer between cellulose 
microfibrils23; linker between cellulose and lignin through formation of 
carbohydrate-lignin complex in the cell wall24, etc.  

Lignin 

Lignin is a range of heterogeneous polymeric phenolic compounds with 
mainly three monomeric subunits: guaiacyl, syringyl and 4-
hydroxyphenyl.25 Lignin is deposited in the cell wall and ML region mainly 
after programmed cell death, which is a strategy adopted by tree to achieve 
more efficient nutrient allocation.26 Lignin has important biological 
functions in contributing to cell wall rigidity, bio resistance and 
hydrophobicity of cell lumina. The presence of lignin in the cell wall also 
limits cell wall swelling upon hydration, thus enhances the water resistance 
of cell wall.27  

Spatial distribution 

Abundance of lignin, hemicellulose and cellulose is spatially different 
across the cell corner (CC), CML, and multilayered cell wall, with great 
variation among species. Lignin is highly concentrated at the joint region 
between two adjacent cells (CML and CC, bright regions in Figure 1.4). In 
softwood ML, mainly lignin (80 wt.%) and hemicellulose (13 wt.%) were 
found whereas cellulose content was low (7 wt.%).18 The concentration of 
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lignin in ML region was reported to be higher in softwood (50 wt.% of total 
dry mass of ML) than that in hardwood (36 wt.%).28 Nonetheless, majority 
of the absolute lignin content is located in the secondary cell wall due to its 
large volume. Although cellulose content is minor in the CML, cellulose 
microfibrils have been shown to participate in the intercellular adhesion of 
the tracheary elements by forming intercellular network of cellulose 
microfibrils.29-31  

 
Figure 1.4 Raman images of lignin distribution in the tissue of untreated poplar (a) and poplar 
bleached with acidified sodium chlorite for 0.5 h (b), 1 h (c), 1.5 h (d), 2 h (e) and 2.5 h (f), 
respectively. XR, xylem ray; V, vessel; F, fiber; CC, cell corner; CML, compound middle 
lamella. Bright regions indicate higher Raman intensity of bands associated with lignin. With 
permission.32  

Effect of removal of cell wall components  

The removal of each component in wood cell wall has strong effect on the 
conformation of cellulose microfibrils. Revealing in the cell wall of 
different pulp fibers by atomic force microscope, the removal of lignin 
through lignin specific NaClO2 bleaching had little influence on the average 
cross-sectional size of cellulose fibril aggregates (cellulose microfibril 
bundle or cellulose aggregates).33 While loss of both hemicellulose and 
lignin by Kraft pulping using sodium hydroxide and sodium sulfate 
resulted in 25% increase in cellulose fibrils aggregates width, especially in 
S2 layer. Studied by scanning electron microscope (SEM), cellulose 
microfibrils networks in both primary and secondary cell wall show 
morphology of fibrillated structure in native wood.34 On contrary, in Kraft 
pulp cell wall, cellulose microfibrils tend to aggregate with adjacent fibrils 
to form dense structure.35  
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1.3 Nanostructured wood  
In native wood cell wall, skeleton of cellulose microfibrils is first formed 
with the guidance of hemicellulose. Lignin and extractives are then 
deposited within the network to form densely packed cell wall.2 The 
formation of nanostructured wood takes advantage of such process and 
adopts reverse engineering by selectively removing or modifying cell wall 
components using primarily pulping chemistries or holocellulose 
preparation methods. Depending on the application and the surface 
chemistry required for end use, post treatment is often applied after the 
structure retaining delignification process. 

 
Figure 1.5 Schematic drawing of bottom-up assembly versus using the hierarchical structure 
of wood for functionalization. Hierarchical wood structure (from bottom to top): Cellulose fibrils 
and matrix components; cell wall assembly; wood cell, wood tissue, bulk wood materials. With 
permission.2 

Comparing to structures assembled from nanocellulose, many advantages 
are associated with nanostructured wood: 1) Native hierarchy and 
anisotropy in wood are preserved, which exceed the limit of synthetic 
assembly processes (Figure 1.5).2 2) High unidirectional mechanical 
properties along the longitudinal direction of wood can be obtained due to 
the native alignment of cellulose microfibrils.36 3) Large volume fraction of 
cellulose in the composites can be achieved since the uniform dispersion of 
nanocellulose is facilitated by using network of cellulose microfibrils 
preformed by nature, i.e. nanostructured wood. Through densification or 
by using different wood species, the volume fraction of cellulose can be 
precisely controlled.37 4) High degree of polymerization of native cellulose 
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is preserved due to the absence of mechanical disintegration.38 5) The 
microtube array structure in wood enables high efficiency in mass 
transportation.39 6) Multiscale reinforcing effect with fiber pullout can 
effectively endow nanostructured wood-based composite with high 
toughness.40 7) Lower processing energy is needed as compared to bottom-
up assembly of nanocellulose.2  

1.3.1 Preparation of nanostructured wood 

Bleaching  

Bleaching process, such as sodium chlorite41, sodium hypochlorite42 or 
hydrogen peroxide43, is efficient in removing lignin and chromophores in 
one pot, through electrophilic displacement reaction.44 It has good 
specificity in lignin degradation when performed in acidic environment 
and therefore large amount of hemicellulose is preserved.45 Li et al. 
reported a balsa wood (Ochroma pyramidale) bleaching process by using 
1 wt.% NaClO2 in 0.1 M sodium acetate buffer (pH 4.6) at 80 °C for varied 
hours depending on sample thickness (0.6–8 mm).41 The lignin content 
was effectively reduced from 24.9 to 2.9%, generating large amount of nano 
size pores in the cell wall which facilitate the impregnation of polymer 
matrix. Bleaching of the same wood species using 4 wt.% peracetic acid 
(mixture of acetic acid and hydrogen peroxide) at pH 4.8 and 80 °C showed 
the same extent of removal of lignin, with the residue contents of lignin and 
hemicellulose to be 2.0% and 25.5%, respectively.46 Sodium hypochlorite 
bleaching, which was performed in alkaline condition, resulted in severer 
decomposition of both hemicellulose and lignin in balsa wood.47 Only 4.99% 
hemicellulose and 0.8% lignin were remained in the delignified wood after 
bleaching. The removal of lignin generally leads to the loss of bulk strength 
of wood. Therefore, a lignin retaining bleaching chemistry was developed 
by Li et al. to preserve the lignin while eliminate the chromophores by 
alkaline hydrogen peroxide bleaching.48 The preservation of 80% lignin 
enhanced the wet strength of nanostructured wood, which is favorable for 
handling when fabricating large scale transparent wood. The lignin 
retaining bleaching process can be further catalyzed by UV irradiation to 
facilitates the fabrication of thick nanostructured wood.49  

Pulping 

Another commonly used process for nanostructured wood preparation is 
alkaline sulfite pulping using sodium hydroxide and sodium sulfite 
through nucleophilic attack on the ether bond of lignin.1 Sulfite pulping is 
usually assisted with a second step of bleaching treatment using peracetic 
acid to eliminate the chromophores both originated from wood 
(conjugated structure in lignin) and newly generated during processing 
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(e.g. ortho-quinones and coniferaldehydes).50 Alkaline sulfite pulping 
solubilizes both lignin and hemicellulose. The nanostructured wood 
prepared through this method possesses high cellulose purity (82%).51 A 
disadvantage of using alkaline condition is the degradation of cellulose by 
peeling-off reaction and alkaline hydrolysis. To solve this, alkaline sulfite-
anthraquinone-methanol cooking liquor can be used by introducing 
anthraquinone as oxidant which then avoids the elimination of reducing 
end.38  

Organosolv process 

To achieve complete removal of lignin and chromophores, combination of 
alcoholysis and sodium chlorite bleaching was reported.52 An alcoholysis 
process using ethylene glycol catalyzed with sulfuric acid cooked at 180 °C 
applied on sugi wood (Cryptomeria japonica) resulted in partial lignin 
removal. Following sodium chlorite bleaching led to complete removal of 
lignin from the wood. The alcoholysis process was found to be critical as 
single step of bleaching cannot result in complete delignification while 
preserving the structural integrity and anatomic features of wood.  

Deep eutectic solvents 

Deep eutectic solvents are emerging green solvents which is efficient in 
dissolving lignin. Chen et al. performed delignification of poplar wood by 
using a deep eutectic solvent prepared from choline chloride and lactic acid. 
Partial delignification was achieved as the lignin content decreased from 
22 to 5%.53 deep eutectic solvent is advantageous in its recyclability which 
is promising to lower down the cost of delignification process and reduce 
the environmental impact.  

Biological modification 

In nature, wood is decayed by fungi, bacteria, and insects through both 
enzymatic and nonenzymatic systems.54 Sun et al. employed the wood 
decay concept on nanostructured wood preparation by incubating balsa 
wood with white rot fungi (G. applanatum).55 Partial removal of lignin and 
hemicellulose was confirmed by Fourier transform infrared spectroscopy 
(FTIR) which is a result of the activity of the extracellular enzyme produced 
by microorganism. This biological modification approach demonstrated a 
green alternative to the chemical processes currently being used.  

Post alkaline treatment 

Sodium chlorite bleached wood contains large amount of hemicellulose 
(~20%) which can be further reduced to ~5% by alkali extraction using 
sodium hydroxide. The removal of hemicellulose by treating bleached 
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balsa with 8 wt.% sodium hydroxide at 80 °C for 12 h can break down the 
cell wall of wood to transform honeycomb structure to spring-like lamellar 
structure which showed profound compressibility.56 The removal of 
hemicellulose was also accomplished by immersing bleached balsa wood 
in 15 wt.% sodium hydroxide at room temperature for 2 hours. This strong 
alkaline treatment increased the microfibril angle of bleached balsa wood 
from 8.5° to 14.1°, therefore enhanced the extensibility of fibers and 
subsequent tensile toughness of hydrogel prepared from alkali-extracted 
bleached balsa wood and polyacrylamide (PAM).57 The room temperature 
alkaline treatment also facilitate the densification of bleached balsa, after 
which a dense, flexible and transparent wood film was obtained.58  

Post ionic liquid treatment 

Ionic liquids are strong solvent to efficiently dissolve cellulose which then 
can be regenerated into fibrous network of amorphous cellulose. Khakalo 
et al. reported using ionic liquid 1-ethyl-3-methylimidazolium acetate to 
partially dissolve the fiber surface of bleached birch wood, therefore 
enabled the compact densification of delignified birch wood into composite 
in which cellulose microfibrils are embedded in a matrix of regenerated 
cellulose.59 High density (1.35 g cm-3) was obtained for the densified 
composite which enabled high tensile strength of 430 MPa. Garemark et 
al. applied dimethylacetamide/lithium chloride on bleached balsa wood to 
dissolve part of the cellulose microfibrils in the cell wall which was then 
regenerated into cellulose network in the lumina. A wood aerogel was then 
obtained by supercritical drying and showed large Brunauer–Emmett–
Teller (BET) specific surface area (SBET) (247 m2 g-1) and high compressive 
strength (1.2 MPa).60  

1.3.2 Effect of chemical modification on nanostructured wood 

Generation of nano size pores and mesoporosity 

Cell wall of native wood is densely packed with cellulose microfibrils, lignin 
and hemicellulose, and its porosity is minor (Figure 1.6a). The 
solubilization of lignin from dense cell wall can result in the generation of 
voids in the cell wall (Figure 1.6b). By typical delignification methods with 
acidic NaClO2 or Na2SO3/NaOH/H2O2, the mesoporosity of cell wall is 
increased. As an example, the SBET of balsa was increased by about one 
magnitude after delignification, from 1–3 m2 g-1 in native balsa to 9–40 m2 

g-1 in chlorite bleached balsa, and up to 207 m2 g-1 when peracetic acid 
bleaching was performed.46, 56, 60-63 The nano size pores in wood cell wall 
can increase the cell wall accessibility and enhance the penetration of 
polymers, chemicals and nanoparticles to obtain better interface41 or 
achieve cell wall functionalization.61 Fu et al. prepared fire-retardant 
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wood/clay hybrid by infiltrating clay nanoplatelet into the cell wall of 
peracetic acid bleached balsa wood. Nano size pores generated by 
delignification were found critical for the penetration of clay into cell wall, 
thus higher loading of clay (17.3 wt.%) was achieved compared to native 
balsa wood (4.1 wt.%).64 

 
Figure 1.6 schematic of a) ultrastructure of wood cell wall and b) dissolution of lignin.65 
Copyright © 1977, American Chemical Society 

Cell wall softening 
The existence of the micron scale voids, i.e. cell lumina, lowers down the 
apparent density and mechanical properties of wood, limiting its 
application for load-bearing.66 The native defects in wood also result in 
earlier failure of wood before reaching maximum loading. Applying 
densification to low density wood can significantly increase its density and 
substantial mechanical performance. This is usually eased by extensive 
hydrothermal mechanical treatment in wood industry to soften wood. 
Alternatively, by performing delignification or partial delignification on 
wood, the rigid lignin in wood cell wall can be removed to enable more 
efficient densification of wood into materials with dense packing of 
cellulose microfibrils, thus enhancing the mechanical performance.36 

Exposing cellulose microfibrils for functionalization 

The removal of surface bonded hemicellulose and matrix filling lignin can 
expose the embedded cellulose microfibrils for further functionalization. 
Surface modification, such as acetylation67, esterification46, carboxylation51, 

68 can be employed to control the nanostructure and surface chemistry of 
the nanostructured delignified wood. Acetylation and esterification of 
delignified wood can effectively improve the interface between delignified 
wood and poly(methyl methacrylate) (PMMA) through enhanced non-
covalent or covalent interaction.46, 67 Li et al. performed 2,2,6,6-
tetramethylpiperidin-1-oxyl (TEMPO) mediated oxidation in alkaline 
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condition to selectively oxidize surface C6 hydroxyls of cellulose 
microfibrils. The newly introduced carboxyl groups enhanced the ion 
selectivity of wood membrane and also created 2–20 nm nanochannels for 
improving ion diffusion.51, 68 However, TEMPO/NaClO/NaBr system at pH 
10 used for such oxidation process severely removed the hemicellulose 
bound to cellulose microfibrils surface and also resulted in de-
polymerization of cellulose. Hence compromise between wood structural 
integrity and degree of substitution had to be made and the resulting 
carboxylate content was 0.25 mmol g-1, only a slight increase from 0.15 
mmol g-1 in delignified wood. High carboxylate content by TEMPO-
oxidation of wood is expected to fibrillate cellulose microfibrils and to 
obtain stronger interaction with counterions for further functionalization.  

Removal of chromophores 

To prepare materials with optical transparency and clarity, light absorbing 
molecules (mostly lignin) in wood are desired to be removed or 
deactivated.69 Bleaching process can remove the chromophores from wood 
structure, resulting in colorless white wood. The refractive index values of 
cellulose, hemicellulose are primarily identical at around 1.53 while lignin 
has a rather large refractive index at 1.61.41 Presence of large amount of 
lignin may induce strong refractive index mismatch in material 
preparation, which substantially induces light scattering. The removal of 
lignin and back-infiltration of refractive index matching polymers can 
improve refractive index matching towards high optical transmittance.  

1.3.3 Wood species for nanostructured wood 

 
Figure 1.7 Anatomic difference between typical a) softwood (Norway spruce) and b) 
hardwood (balsa: Ochroma pyramidale). 

As explained in section 1.2.3, hardwood and softwood have great difference 
in their microscopic structure (Figure 1.7). The distribution of each 
component in wood cell wall is spatially heterogeneous and plays vital role 
in wood integrity and require different chemical modification depending 
on the end applications. Hardwood species such as balsa56, bass (Tilia 
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americana)47, birch (Betula pendula)40, and poplar (Populus spp.)32, 53 
have been widely used for preparation of nanostructured wood due to their 
profound structural integrity. Ideally, softwood with simpler system and 
less local heterogeneity is favored for application with respect to functions 
such as fluid conduction and mass transfer. However, delignified softwood, 
e.g. spruce, is fragile and assistance of special set up is needed for its 
handling and densification.9, 36, 65 Partially delignified pine and lignin 
retaining pine were used for preparing transparent wood, but complete 
delignification was not achieved as the structure of pine fell apart during 
prolonged delignification process.70 Softwood has high lignin content and 
less intercellular cellulose microfibrils. The removal of lignin the middle 
lamella would lead to the loss of structural integrity during delignification 
and densification.71 Another factor for the disintegration of delignified 
softwood is the abrupt transition between EW and LW in softwood.70 
Therefore, feasible delignification strategy which maintains the structural 
integrity of softwood is needed.  

1.4 Nanostructured wood-based materials 

1.4.1 Wood/polymer composites 
Nanostructured wood prepared through various processes can be used as 
cellulose network to be back infiltrated with prepolymerized refractive 
index matching polymers, e.g. PMMA41, epoxy72, polyvinyl alcohol (PVA)73, 

74 and polyvinylpyrrolidone75, to form transparent wood composites. 
Transparent wood was developed initially for observing wood anatomy 
features.76 Recent progress enables load bearing properties, making 
transparent wood a versatile materials to be applied for smart windows77, 
solar cell light management75, advanced optics78 and other novel 
applications. Compared with commonly used transparent materials such 
as glass and PMMA, transparent wood shows improved mechanical 
strength, high toughness, low thermal conductivity and comparable optical 
transmittance.41, 73 With the concern of energy saving technique for smart 
buildings, dynamic change of optical properties of windows in respond to 
light, heat and temperature is desired to manipulate solar irradiation. 
Towards functional transparent wood for smart window, polyethylene 
glycol has been used together with PMMA as polymer matrix to enable 
thermal energy storage79; poly(3,4-ethylenedioxythiophene):poly(styrene 
sulfonate) and polymer dispersed liquid crystal have been used as surface 
coating for transparent wood to achieve electrically stimulated light 
manipulation67, 80; commercial thermochromic and photochromic dyes 
have been hybridized with polymer matrix to obtain dual-stimuli-
responsiveness to both temperature and ultraviolet radiation.81 Moreover, 
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quantum dots and organic dyes can also be hybridized in polymer matrix 
to obtain functions such as luminescence and laser emission.37, 82 

1.4.2 Densified wood 

Densified wood  

Densification is another efficient strategy to fabricate high strength 
composites from nanostructured wood. Bass wood was partially delignified 
with boiling sodium hydroxide and sodium sulfite to soften wood cell wall 
which was then collapsed completely through hot pressing to form highly 
compact (1.3 g cm-3) composite with high tensile strength of 586 MPa.66 
The critical role of lignin as binder during densification was proposed. 
Similar densification concept was practiced on spruce assisted with 
peracetic acid bleaching to yield densified spruce with tensile strength of 
270 MPa.36, 83 Following this study, partially delignified wood infiltrated 
with epoxy was densified before curing to increase the volume fraction of 
wood in the composite to 80 % with high tensile strength (ca. 600 MPa).84 
Moreover, Li et al. applied hot pressing on H2O2 bleached wood with 0.8% 
lignin to fabricate structural material used for passive radiative cooling 
taking advantage of the superior solar reflectance and low thermal 
conductivity of nanostructured wood.85, 86 Han et al. studied the effect of 
moisture content (0–18%) on the densification of bleached bass wood and 
found that a compact and strong (tensile strength: 352 MPa) wood 
composite can be obtained after densification when 18% moisture is in 
presence in the wood, which facilitated the hydrogen bonding between 
cellulose microfibrils.87 Densified wood can also be used as continuous 
reinforcing phase for polymer matrix, e.g. epoxy, to achieve high volume 
fraction of cellulose (up to 80%) and substantially high tensile stiffness (70 
GPa) and strength (600 MPa).  

Transparent wood films 

Transparent cellulose film prepared from cellulose nanofibrils (CNFs) 
features high mechanical toughness and optical transparency, and has 
been used as substrates for developing advanced electronics,88 sensors,89 
energy storage devices90 and light harvesting system91, etc. A general 
approach for the film preparation involves mechanical isolation of CNFs 
and the assembly of CNFs initiated by the removal of water from dispersion 
through either solution casting or vacuum filtration.92 A subsequent 
densification & drying process is applied to achieve high density and low 
porosity, which are significantly important to the improvement of 
mechanical strength as well as light transmittance.93 High degree of in-
plane orientation of CNFs is preferred for better mechanical performance. 
The degree of orientation of CNFs in cellulose films is normally low and 
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special treatment such as wet stretching94, wet-spinning95, wet-extrusion96, 
could help to align CNFs. 

Alternatively, the direct densification of nanostructured wood can produce 
thin and transparent films with preserved native orientation of CNFs, 
leading to substantial high mechanical performance in plane. Zhu et al. 
prepared high tensile strength (350 MPa) transparent film by pressing bass 
wood bleached with sodium hypochlorite in the direction perpendicular to 
fiber axial.97 Such chemical modification-densification process has also 
been applied on balsa wood by using acidic sodium chlorite bleaching and 
alkaline sulfite delignification to produce wood film with both high 
strength and flexibility.58, 98 Prior to densification, functional substances, 
e.g. quantum dots, can be infiltrated into nanostructured wood to endow 
functionalities.99  

1.4.3 Wood aerogels 
Aerogels with low density and large porosity are often produced with 
nanocellulose. The aerogel formation technique involves crosslinking of 
cellulose network and exchange of liquid to gas in such network.100 To 
develop strong nanocellulose aerogels, aligning CNFs or cellulose 
nanocrystals (CNCs) unidirectionally is favored. The alignment of CNFs in 
aerogels is generally achieved by directional freeze casting technique to 
integrate CNFs into anisotropic tubular structure using specially designed 
setup with controlled freezing and slow drying.101, 102  
More recent achievement in this aspect is using nanostructured wood by 
which the hierarchical wood structure and native alignment of cellulose 
microfibrils in the cell wall are retained after chemical modification, 
demonstrating good energy efficiency and scalability.60 Aerogel prepared 
from nanostructured wood has large porosity (>95%), high compressive 
mechanical property, low tortuosity and low thermal conductivity.56, 62 
Wood aerogels with ordered microscale channels, mesoporous cell wall 
and aligned cellulose microfibrils facilitates the large flux mass transfer in 
wood along the fiber axial direction, thus enhance the efficiency of hybrid 
materials in adsorption and mass transfer. It has been extensively explored 
for applications such as separation of oil/water mixture56, 103-105, thermal 
insulation materials62, CO2 capture106, glycopeptide enrichment107, etc. 
Drying process has a strong effect on the porosity, microstructure, and 
mechanical performance of nanostructured wood aerogels. Freeze drying 
is the most commonly used methods by which water is frozen and 
sublimated to yield aerogels.56, 62 Supercritical CO2 drying can maximumly 
preserve the native state of cell wall structure and avoid the aggregation of 
cellulose microfibrils induced by hydrogen bonding, by which the largest 
specific surface area can be achieved.60 When subjected to ambient air 
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drying, step-by-step solvent exchange from water to hexane with low 
surface tension can significantly reduce the volumetric shrinkage of wood 
and the formation of defects.87  

1.4.4 Wood hydrogel 
Nanostructured wood resembles a hierarchical network of cellulose 
microfibrils featuring natively aligned cellulose microfibrils, which can be 
used for hydrogel reinforcement. Recently, synthetic polymers have been 
introduced into delignified wood to generate wood-based hydrogels with 
remarkably enhanced fracture tensile strength and modulus owing to the 
skeletons of natural aligned cellulose microfibrils and the strong interfacial 
hydrogen bonding between cellulose and hydrophilic polymers. Kong et al. 
prepared muscle mimicking hydrogel with bleached basswood and in situ 
polymerized PAM.108 The obtained hydrogel with water content of 65 wt.% 
showed high tensile strength of 36 MPa, 500 times higher than neat PAM 
hydrogel. The abundant hydroxyl groups from cellulose microfibrils 
endowed such hydrogel with nanofluidic ionic properties. Similar 
wood/PAM hydrogel was also successfully prepared from alkali treated 
bleached balsa wood by Chen et al. with a tensile strength of 57 MPa at a 
water content of 58 wt.%.57 The application of such muscle mimicking, ion 
conductive hydrogel was further explored as strain sensor. Beside 
mechanical performance, the bass/PAM hydrogel and balsa/PAM 
hydrogel also showed light transmittance of 80% and 70% at sample 
thickness of 1 mm. Apart from PAM, Nie et al. infiltrated polyelectrolyte 
poly(acrylic acid) into a preformed delignified wood sponge to form 
hydrogel which can be sandwiched with reduced graphene oxide film for 
capacitive pressure sensing.109 However, the fabrication of composite 
hydrogels of delignified wood and macromolecule based biopolymers has 
not yet been investigated. 

1.5 Specific aims of the current study 
The potential of using delignified balsa wood as reinforcing network of 
biopolymers was studied by infiltrating gelatin and crosslinking with 
natural crosslinker genipin to form fully biobased hydrogel. The effect of 
crosslinking density, the reinforcing mechanism of delignified wood and 
the interaction between wood and gelatin were studied to introduce a new 
strategy for wood hydrogel fabrication (Paper I).  
Chemical modification of delignified wood is needed to introduce 
functional groups for new functionalities and for improving cell wall-
polymer interface. A new oxidation process was proposed by conducting 
TEMPO-mediated oxidation at neutral condition to obtain high content of 
surface carboxyl groups while preserving structural integrity of wood 
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(Paper II). The effect of TEMPO oxidation on the multi-scale structure, 
especially molecular- and nanoscale, of nanostructured wood was studied. 
The TEMPO-oxidized wood (TO-wood) showed fibrillated cell wall, large 
mesoporosity and high content of surface carboxyl groups, which enabled 
fabrication of various functional biocomposites (Paper II–IV).  
Drying process has strong impact on the microstructure of TO-wood upon 
dehydration (Paper II). Various drying methods were used to yield aerogels 
with different pore structures and mechanical deformation behaviors. The 
self-densification behavior of TO-wood upon ambient air drying was 
specifically investigated to demonstrate a novel energy efficient process for 
preparing strong and transparent cellulose films (Paper II). Compared to 
delignified wood, TO-wood possesses much higher specific surface area 
and larger mesoporosity. The influence of cell wall fibrillation on the 
formation of interpenetrating network between in situ synthesized poly(N-
isopropylacrylamide) (PNIPAM) and TO-wood was studied, with special 
focus on the microstructure, optical and mechanical properties of TO-
Wood/PNIPAM hydrogel to elucidate the necessity of cell wall fibrillation 
in preparing highly transparent hydrogels (Paper III).  

TO-wood showed high content of carboxyl groups which allowed its 
interaction with various counterions towards nanostructural control. Post 
hydrochloric acid treatment was used on TO-wood to enhance its structure 
integrity and the stiffness of TO-wood/PNIPAM hydrogel by protonation 
of carboxyl groups to increase intermolecular hydrogen bonding (Paper 
III). The carboxyl groups of TO-wood were also coordinated with 
multivalent metal ions, such as Cu2+, Zn2+ and Al3+, to form TO-wood-
metal ions complexes (Paper IV). Metal organic frameworks (MOFs) 
crystals, featuring large specific surface area, large CO2 absorption capacity, 
were then synthesized in situ to form TO-wood/MOFs aerogels. The 
mechanical stability, the CO2 absorption capacity and the multicycle 
durability of TO-wood/MOFs aerogels were investigated to demonstrate 
strong and durable CO2 sorbents.  
Softwood possesses more uniform cellular structure as compared to 
hardwood. Amine functionalization may potentially enable the nano-
structured wood from softwood as solid support for functional 
biomolecules. However, softwood is susceptible to delignification due to 
lack of intercellular cell adhesion. A three-step modification strategy 
comprising alkaline treatment, crosslinking and delignification was then 
designed (Paper V). The effect of chemical treatments on the composition 
and microstructure of spruce was studied. The obtained cellulose scaffold 
was further grafted with primary amine group as reactive handle for 
covalent immobilization of concanavalin A (Con A) as proof of concept. The 
distribution of Con A in the spruce cell wall enabled by large mesoporosity 
was investigated.   
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2. Experimental 
 

2.1 Materials 

Starting materials 

Balsa wood (Ochroma pyramidale) and Norway spruce (Picea abies) were 
purchased from Wentzel’s Co. Ltd. and Material Co. Ltd., Sweden. Wood 
samples with different dimensions were prepared with a table-top circular 
saw. Balsa wood samples with dimension of 10 × 10 × 10 mm3 (longitudinal 
× radial × tangential) were used for Paper I, II and IV. Balsa wood samples 
with dimension of 60 × 30 × 2 mm3 (longitudinal × radial × tangential) 
were used for Paper II and III. Spruce chips with dimension of 1 × 10 × 10 
mm3 (longitudinal × radial × tangential) were used for Paper V. Cross 
sections and longitudinal sections (Figure 2.1) of wood containing 
samples were characterised and discussed throughout the text.  

 
Figure 2.1 illustration of wood sections used in this thesis 

Chemicals for delignification 

Sodium chlorite (NaClO2, 80%), sodium acetate and acetic acid were 
purchased from Sigma-Aldrich, Germany. 
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Chemicals for TEMPO-mediated oxidation 

2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO), NaClO2 (80%), sodium 
hypochlorite (NaClO), sodium dihydrogen phosphate dihydrate and 
sodium phosphate dibasic dihydrate were purchased from Sigma-Aldrich, 
Germany.  

Chemicals for alkaline treatment and crosslinking 

Sodium hydroxide (NaOH), 4-Butanediol diglycidyl ether (BDDE) and 
poly(ethylene glycol) diglycidyl ether (PEGDGE, average Mn: 500) were 
purchased from Sigma-Aldrich, Germany. 

Chemicals for delignified wood/gelatin hydrogel preparation 

Gelatin from bovine skin (75 Bloom) and glycine were purchased from 
Sigma-Aldrich, Germany. Genipin powder (98%) were a product of Zhixin 
Biotechnology, China.  

Chemicals for wood/PNIPAM hydrogel preparation 
N-isopropylacrylamide (NIPAM), N, N’-methylenebisacrylamide (MBA), 
ammonium persulfate (APS) and N, N, N’, N’-tetramethyl ethylenediamine 
(TEMED), and hydrochloric acid (HCl) were purchased from Sigma-
Aldrich, Germany.  

Chemicals for wood/MOFs aerogel preparation 

Copper (II) nitrate trihydrate (Cu(NO3)2•(H2O)3), aluminum nitrate 
(Al(NO3)3), zinc nitrate hexahydrate (Zn(NO3)2•(H2O)6), benzene-1,3,5-
tricarboxylic acid (H3BTC), 2-Methylimidazole, were purchased from 
Sigma-Aldrich, Germany. 

Chemicals for amination and concanavalin A immobilization 

Dimethyl sulfoxide, epichlorohydrin (ECH), fluorescein isothiocyanate 
(FITC), pentaethylenehexamine (PEHA), potassium hydroxide (KOH), 
sodium carbonate (Na2CO3), sodium hydrogen carbonate (NaHCO3), 
Bradford Reagent, and glutaraldehyde were purchased from Sigma-
Aldrich, Germany. Concanavalin A type IV (Con A) from Canavalia 
ensiformis (jack bean) was a product from Megazyme Co. Ltd., Ireland. 
Ovalbumin Texas Red™ conjugate was purchased from Thermo Fisher 
Scientific. Ultrapure water with a resistivity of 18.2 MΩ cm was used in all 
experiments. 
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2.2 Materials preparation 

Preparation of delignified balsa. (Paper I–IV) 

  

 
Figure 2.2 Schematic illustration of delignification and TEMPO-oxidation of balsa wood, and 
photos of native balsa, delignified balsa and TEMPO-oxidized balsa. 
Balsa wood was immersed in 0.1 M sodium acetate buffer (PH 4.6) 
containing 1 wt.% NaClO2. The delignification of wood samples was then 
carried out at 80 °C for various time from 12 to 24h until the appearance 
became white (Figure 2.2). After washing thoroughly with deionized 
water, the delignified wood blocks were kept in water until further use. 

Preparation of TEMPO-oxidized wood (TO-wood). (Paper II–IV) 

The delignified balsa wood (dry mass of 1 g) was immersed in 0.1 M 
phosphate buffer saline (PBS) (200 mL, pH 6.8) dissolving TEMPO (0.032 
g, 0.2 mmol) and NaClO2 (2.26 g) in a sealed beaker. 20 mL 0.1 M sodium 
hypochlorite PBS solution was added into the beaker. The beaker was 
placed at room temperature overnight and reaction was then carried out at 
60 °C for 48 h without stirring to avoid mechanical disintegration (Figure 
2.2). The TEMPO-oxidized wood (TO-wood) was thoroughly washed with 
deionized water (Paper II and III) or with water/ethanol mixture (1:1, v:v, 
Paper IV). In Paper III, acid treated TO-wood (A-TO-wood) was prepared 
by immersing the TO-wood in 0.1 M HCl overnight and then it was rinsed 
with deionized water. 

Preparation of delignified spruce (cellulose scaffold) (Paper V) 
Delignified spruce, or spruce derived cellulose scaffold, was prepared 
through a three-step procedure as shown in Figure 2.3. Alkaline 
treatment was performed by boiling the extractive-free spruce wood chips 
in 1 wt.% NaOH for 6 h. Alkali-treated spruce (1 g) was crosslinked with 
BDDE or PEGDGE in a following reaction containing a) 5 ml of BDDE, 2 
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ml of 6.5 M NaOH, and 15 ml of ultrapure water or b) 12.3 ml of PEGDGE, 
2 ml of 6.5 M NaOH, and 7.7 ml of ultrapure water. The reaction time was 
2 h and it was performed at 80 °C under mild magnetic stirring. The alkali-
treated spruce wood chips with or without crosslinking were subsequently 
delignified with 1 wt.% NaClO2 in 0.1 M sodium acetate buffer, pH 4.6 at 
80 °C under mild magnetic stirring. The reaction time was up to 10 hours 
for the uncrosslinked and BDDE crosslinked spruce samples, and 20 hours 
for PEGDGE crosslinked spruce sample. After the reaction, the wood chips 
were thoroughly rinsed with ultrapure water to remove any residual 
chemical. 

 
Figure 2.3 Schematic illustration of the three steps for the fabrication of cellulose scaffold that 
preserves the native spruce wood cellular structure 

Preparation of delignified wood/gelatin composite hydrogels (Paper I) 

Gelatin was dissolved in deionized water at a concentration of 30 wt.% and 
stored overnight at 50 °C. The delignified wood blocks were then 
transferred into the gelatin solution and kept for one week at 50 °C to 
ensure a complete infiltration of gelatin into the delignified wood. Gelatin-
impregnated wood samples were then taken out and cooled down to 4 °C 
overnight to allow physical crosslinking of gelatin. The samples were then 
crosslinked in a genipin solution with different concentrations: 1, 50, and 
100 mM at 4 °C for 48 hours. The composite hydrogels were then washed 
with 1 wt.% glycine solution followed by deionized water to remove the 
unreacted genipin. Neat gelatin hydrogel was prepared in the same way as 
the composite hydrogel.  

Preparation of compressible aerogels from TO-wood (Paper II) 

The TEMPO-oxidized wood samples with dimension of 10 × 10 × 10 mm3 
was rapidly frozen in liquid nitrogen (−196 °C) or at −20 °C overnight and 
then lyophilized to form aerogels. Delignified wood and TO-wood were also 
solvent exchanged to ethanol and dried with supercritical CO2 for N2 gas 
adsorption test and compressive test. 
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Preparation of self-densified film from TO-wood (Paper II) 

The TO-wood samples with dimension of 60 × 30 × 2 mm3 were gently 
transferred onto a glass plate and left at ambient temperature (22 °C, 30% 
RH) for 24 h to form self-densified wood film. 

Preparation of TO-wood/PNIPAM hydrogels (Paper III) 

The average water contents of TO-wood, A-TO-wood and delignified wood 
were 99.5 wt.%, 96 wt.% and 94.5 wt.%, respectively. A mixture of 5.3 g 
(46.9 mmol) NIPAM, 28.7 mg MBA (0.186 mmol) and 21.2 mg APS (0.09 
mmol) was dissolved in 40 mL deionized water and degassed by purging 
nitrogen for 2 hours in an ice bath. Wet TO-wood sample (10 g) was soaked 
in the mixture, degassed under vacuum at 0.1 mbar for 30 minutes, and 
stored at 4 ℃ for 48 hours to allow complete infiltration of the reaction 
mixture into the wood structure. After removing the excessive liquid, the 
TO-wood sample was transferred to a 20 mL water solution containing 200 
µL TEMED and the polymerization of NIPAM was carried out at room 
temperature for 24 hours. The obtained TO-wood/PNIPAM composite 
hydrogel was then immersed in deionized water for one week to reach 
equilibrium and remove the residues. The A-TO-wood/PNIPAM and 
delignified wood/PNIPAM composite hydrogels were prepared following 
the same procedure. Neat PNIPAM hydrogel was prepared with absence of 
the cellulose network. 

Preparation of TO-wood/MOFs aerogels (Paper IV) 

The in situ synthesis of copper benzene-1,3,5-tricarboxylate (Cu3(BTC)2) in 
TO-wood was performed as below: the TO-wood cubes of 150 mg dry mass 
were soaked in 50 ml 95% (v:v) ethanol containing 0.145 mol L-1 
Cu(NO3)2•(H2O)3 for 3 hours to exchange the counter ion of carboxylate 
from Na+ to Cu2+. The Cu2+ decorated TO-wood cubes were then incubated 
with 0.08 mol L-1 organic ligand (H3BTC)110 in 95% (v:v) ethanol at 80 °C 
and overnight to produce the TO-wood/Cu3(BTC)2 composite. Following 
the above procedure, 0.2 mol L-1 Al(NO3)3 and 0.2 mol L-1 H3BTC111 were 
used to prepare the TO-Wood/aluminum benzene-1,3,5-tricarboxylate 
(AlBTC) composite. For the synthesis of TO-Wood/zinc 2-
methylimidazolate (Zn(MeIm)2) composite, 0.08 mol L-1 Zn(NO3)2•(H2O)6 
and 1.6 mol L-1 2-Methylimidazole was used for the synthesis.112 The above 
as prepared TO-wood/MOFs composites were wash with methanol and 
dried with supercritical CO2 to obtain respective aerogels. Delignified 
wood/MOFs aerogels were prepared using the same procedure for 
comparison. For neat MOFs synthesis, identical method was used in 
absence of TO-wood. After the synthesis, suspensions of neat MOFs were 
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washed with methanol several times to remove unreacted chemicals and 
then dried under vacuum. 

Amination of spruce derived cellulose scaffold (Paper V) 

The chemical pathway for grafting primary amine groups and 
immobilization of Con A onto spruce derived cellulose scaffold is shown in 
Figure 2.4. To first introduce epoxide groups onto the wood scaffold, the 
BDDE-crosslinked, delignified spruce (1 g) was immersed into a solution 
containing 10 ml of dimethyl sulfoxide and 4 ml of 1M KOH, and the 
mixture was agitated at room temperature for 5 h using a platform rocker. 
To initiate the reaction, 5 ml of EHC was added. After 5 h, the reaction was 
stopped, and the wood was washed thoroughly with ultrapure water to 
remove any residual chemicals. The primary amine groups were obtained 
by a further reaction between the epoxide groups and PEHA, containing 15 
ml of PEHA and 10 ml of 0.6 M Na2CO3. The reaction and washing were 
performed in the same conditions as described above. 

 
Figure 2.4 Chemical pathway for grafting primary amine groups and immobilization of Con A 
onto spruce derived cellulose scaffold. 

Concanavalin A immobilization on spruce derived cellulose scaffold (Paper 
V) 

The amine-functionalized spruce wood scaffold (1 g) was first reacted with 
10 ml of 10 wt.% glutaraldehyde under mild agitation. The reaction was 
ended after 2 h, and the wood was washed with 0.1 M sodium acetate buffer 
(pH 6.8) to remove any residual chemicals. Con A was immobilized to the 
wood scaffold by a covalent bond through the grafted glutaraldehyde in a 
reaction containing 12 mg of Con A in 2.5 ml 0.1 M sodium acetate buffer, 
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pH 6.8. The immobilization reaction was carried out at 4 °C for 24 h, under 
mild agitation. To remove any unbound Con A molecules, the wood 
scaffold was thoroughly washed with 0.1 M sodium acetate buffer, pH 6.8. 
Bradford assay was used to quantify the amount of Con A that was 
immobilized on the wood scaffold. The assay was performed according to 
the manufacturer’s instructions. Briefly, the absorbance of the 
impregnation solution was measured at a wavelength of 595 nm before and 
after it was reacted with the wood, and the amount of the covalently bound 
Con A was calculated based on a standard curve.  

2.3 Characterizations 

Field emission scanning electron microscopy (Paper I–V) 

The microstructure of various samples was characterized by using a field 
emission scanning electron microscope (FE-SEM, S-4800, Hitachi, Japan) 
working at low acceleration voltage (1–3 kV) and short working distance 
(5–8 mm). Prior to observation, samples were dried in vacuum oven at 
50 °C overnight and sputtered with platinum-palladium. 

Attenuated Total Reflection Fourier Transform Infrared Spectroscopy 
(ATR-FTIR). (Paper I, II, IV and V) 

ATR-FTIR spectra were recorded at ambient temperature with a FTIR 
spectrometer (Spectrum 2000, Perkin Elmer, USA). The resolution was 4 
cm-1, and 32 scans were accumulated over a range of 600–4000 cm-1 for 
each sample.  

N2 Physisorption (Paper II–V) 

Prior to N2 gas adsorption test, samples were degassed at 50 °C for 48 h. 
N2 adsorption and desorption isotherms were obtained at 77 K with a 3Flex 
instrument (Micromeritics Instrument Corp., Norcross, GA, USA) at the 
relative pressures in the range of 0.01–0.995. Specific surface area (SBET) 
was calculated from the adsorption isotherm in the relative pressure range 
between 0.01 and 0.2, according to the Brunauer-Emmett-Teller (BET) 
method and mesopore volume was determined from adsorption and 
desorption isotherms. For pore size distribution determination, a model 
based on density functional theory with density-independent weights and 
a slit-like pore geometry was used to analyze the nitrogen adsorption data.  

Hemicellulose and lignin contents (Paper II, III and V) 

200 mg (dry mass) of the sample was hydrolyzed with sulfuric acid and 
autoclaved to achieve a total hydrolysis. The hydrolysate was then filtered 
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through a glass fiber filter. The acid-insoluble lignin content was 
determined with the dry weight change of the filter according to a standard 
(TAPPI T 222 om-02). The monosaccharide content of acid soluble part 
was determined by using an ion chromatography (Dionex ICS-3000, 
Thermo Fisher Scientific Inc., USA). Uronic acid was calculated from the 
result of conductivmetric titration. To calculate the weight percentage of 
hemicellulose, glucose from glucomannan was subtracted out from total 
glucose content using a 1:3 ratio of glucose: mannose. Composition of wood 
and PNIPAM in the composite hydrogels was determined by thermal 
gravimetric analysis (TGA) of the freeze-dried sample performed on a 
Mettler Toledo TGA/DSC1 (Switzerland). Samples were heated from 50 to 
800 °C under nitrogen atmosphere at heating rate of 10 °C min-1. Heating 
was programmed in range of 25 to 50 °C at a rate of 1 °C min-1. 

Compression test (Paper I, II and IV) 

Compression tests on delignified wood/gelatin hydrogels and TO-
wood/Cu3(BTC)2 aerogels were performed on a universal testing machine 
(Instron-5566, Instron, USA) equipped with a 10 kN loading cell. The 
strain rate was 10% min-1. Compressive test on TO-wood aerogels was 
conducted on a universal testing machine (Instron 5944, UK) equipped 
with a 500 N load cell at a strain rate of 5% min−1. At least five replicates 
were tested for each sample. The elastic modulus was calculated based on 
the initial linear elastic range from the stress-strain curves. 

Tensile test (Paper II and III) 

Tensile test of self-densified films and TO-wood/PNIPAM hydrogels was 
performed on a universal testing machine (Instron 5944, UK) at ambient 
condition (25 °C and 50% RH). For self-densified film, the sample strips 
with dimension of 50 mm × 5 mm (longitudinal × radial) was stretched at 
a tension speed of 1 mm min-1. For TO-wood/PNIPAM hydrogels, sample 
geometry was 20 mm x 5 mm with gauge length of 20 mm and the strain 
rate was 10 mm min-1. Young’s modulus was determined with the initial 
slope of the tensile stress–strain curves. Tensile toughness was calculated 
from the area under the stress–strain curves. At least five specimens were 
tested for each sample. 

Optical properties (Paper II and III) 

The total optical transmittance of self-densified films and TO-
wood/PNIPAM hydrogels in visible light range was measured with a 
spectrophotometer coupled with integration sphere at 25 °C. First, the 
white and dark reference were measured with the incident beam going into 
the integration sphere or turned off. Then the sample was placed in front 
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of the integration sphere and the transmittance was obtained. The haze 
value refers to the proportion of forward scattered light to the total 
transmitted light through transparent materials.113, 114 Haze was measured 
based on the ASTM D1003 “Standard Method for Haze and Luminous 
Transmittance of Transparent Plastics”, which is described as: 

𝐻𝑎𝑧𝑒 = )
𝑇4
𝑇2 −

𝑇3
𝑇10 × 	100%																																		(1) 

where T1, T2, T3, and T4 were measured according to the reference.113 
To investigate the scattering property along and perpendicular to the fiber 
direction, the sample was placed both vertically and horizontally based on 
the fiber direction. A He-Ne laser (633 nm) with a beam size of 3 mm was 
passing through the sample and a detector was placed on a rotation stage 
with radius of 13.6 cm. The light scattering intensity at different angles was 
measure with angular moving step of 3°. 

Swelling behavior of composite hydrogels (Paper I) 

Delignified wood, delignified wood/gelatin hydrogels and neat gelatin 
hydrogels were freeze-dried and then rehydrated in phosphate buffer (0.1 
M, pH 7.4) at 37 °C for 48 hours. The equilibrium water uptake (Q) was 
calculated using the following equation: 

Q =
𝑊! −𝑊"

𝑊"
×100%                                                   (2) 

where We is the weight of the sample at equilibrium condition and Wd is 
the weight of the dry sample. Five replicates were measured for each 
sample. 

Thermochromic properties (Paper III) 

Lower critical solution temperature of TO-wood/PNIPAM hydrogels was 
determined by differential scanning calorimetry (Mettler Toledo DSC1, 
Switzerland). All the samples were swollen with water, sealed in aluminum 
pans and tested under dry nitrogen atmosphere with a flow rate of 50 mL 
min-1. For thermochromic property demonstration, hydrogels with 
dimension of 2.5 cm × 1.5 cm × 2 mm (longitudinal × radial × tangential) 
were placed on stainless-steel plate with flower pattern in direct contact. 
Heating is applied beneath to reach designated temperature, 25 °C or 40 °C. 

X-ray diffraction (Paper III) 

X-ray diffraction patterns were obtained on a PANalytical X’Pert PRO 
powder diffractometer (Malvern Panalytical, UK) equipped with a Cu Kα 
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source. The diffraction data was recorded in the 2θ = 5°–40° range with an 
angular step size of 0.05° and a counting time of 1 s per step. 

CO2 adsorption and desorption test (Paper IV) 

Gravimetric CO2 adsorption capacity and temperature swing cyclic CO2 
adsorption/desorption test was carried out on a TGA instrument 
(Discovery TGA, TA instruments Co. Ltd., America) equipped with both 
CO2 and N2 gas tank at atmospheric pressure. Aerogel sample was first 
outgassed under N2 flow at 105 °C for 1 h to drive out adsorbed CO2 and 
then cooled down to 25 °C. The CO2 adsorption process was then carried 
out in CO2 flow at 25 °C for 150 mins. Cyclic adsorption/desorption was 
performed by repeating the above mentioned two steps.  

Quantification of reactive primary amine groups (Paper V) 

The primary amine groups that were introduced to the wood were 
quantified by fluorescent labeling with FITC, according to a previously 
reported method.115 Briefly, the labeling was performed overnight at room 
temperature under mild agitation. The reaction was kept strictly in dark. 
The reaction contained 5 ml of FITC and 2 ml of 0.1 M NaHCO3 (pH 9.0). 
The absorbance of the labeling solution was measured at a wavelength of 
490 nm before and after it was reacted with the wood, and the amount of 
the amine bound FITC was calculated based on a standard curve. 

Laser scanning confocal microscopy (LSCM) (Paper V) 

For imaging the localization of Con A in the wood structure, the Con A 
immobilized spruce cellulose scaffold was incubated with Texas Red 
conjugated ovalbumin followed by thorough washing to remove any 
unbound ovalbumin, using the aminated spruce cellulose scaffold as the 
control. The sample was sectioned by using a microtome blade and 
analyzed by confocal laser scanning microscopy (Zeiss LSM 780). 
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3. Results and Discussion 
 

3.1 Composite hydrogel from delignified wood and gelatin 
(Paper I) 
Gelatin is a bio-based polymer hydrolyzed from collagen and has been 
widely used as a stabilizing ingredient in food, pharmaceutical and 
cosmetic industries since it is non-toxic, biocompatible, and biodegradable. 
However, the poor mechanical performance and high swelling ratio of 
gelatin largely limit the application of gelatin hydrogels. In this section, 
delignified wood with inherently aligned cellulose microfibrils and native 
porous cell wall structure was prepared and used as mechanical 
reinforcement and structural confinement for gelatin hydrogels, aiming to 
enhance the compressive mechanical properties of gelatin hydrogel as well 
as decreasing its swelling under physiological condition. 

3.1.1 Structure of delignified wood 

 
Figure 3.1 FTIR spectra of original wood and delignified wood. Inset: photo of delignified 
wood. 
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Compared to original balsa, delignified balsa wood showed a white color 
appearance (Figure 3.1) as most of lignin and chromophores have been 
removed from the wood structure. The removal of lignin was confirmed by 
the disappearance of lignin-attributed peaks at 1596 cm-1 (symmetric ring 
stretching), 1504 cm-1 (asymmetric ring stretching) and 1464 cm-1 
(asymmetric C–H deformation) in the ATR-FTIR spectrum as compared 
to the original balsa wood (Figure 3.1). Besides, hemicelluloses remained 
in the delignified wood as indicated by the peak at 1730 cm-1 corresponding 
to the C=O stretching frequency of carbonyl groups in hemicellulose.  
 

 
Figure 3.2 SEM images of the cross section of freeze-fractured delignified wood. 

As shown in Figure 3.2, the freeze-fractured cross section of delignified 
balsa wood possessed a honeycomb-like structure which was composed of 
hollow fiber cells with diameters between 20–50 µm. Nano- and micron-
scale pores were observed in both cell walls and cell wall corners at higher 
magnification, and a total porosity of 93.4 ± 0.6% was obtained. Such 
porous structure allowed the penetration of gelatin into the cell wall 
structure and facilitated the interaction of gelatin with cellulose and 
hemicellulose in delignified wood.  

3.1.2 Structure of the delignified wood/gelatin hydrogel 
The initial genipin concentration and the compositions of gelatin, 
delignified wood, and water in the resulting composite hydrogels are 
summarized in Table 3.1. The delignified wood/gelatin composite 
hydrogels with high water content of around 81 wt.% were successfully 
prepared, which is of great interests for ultra-stiff/strong hydrogel 
preparation.116 Both gelatin hydrogel and the delignified wood/gelatin 
hydrogels showed a dark blue colour (Figure 3.3a and 3.3b) indicating 
the successful chemical crosslinking of gelatin by genipin. Infiltration of 
gelatin into the lumina of the wood structure was confirmed by the 
microscopy observation (Figure 3.3c). 
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Table 3.1 Initial genipin concentration and the composition of gelatin, delignified wood, and 
water in the resulting hydrogels. 

Sample 
Genipin 

(mM) 

Gelatin 

(wt.%) 

Delignified wood 

(wt.%) 

Water 

(wt.%) 

Gelatin hydrogels 

1 11.8 (0.1) - 88.2 (0.1) 

50 13.4 (0.2) - 86.6 (0.2) 

100 14.1 (0.1) - 85.9 (0.1) 

Delignified wood/ 
Gelatin hydrogels 

1 14.0 (0.1) 4.8 (0.1) 81.2 (0.8) 

50 14.2 (0.1) 4.9 (0.1) 80.9 (0.3) 

100 14.4 (0.1) 4.8 (0.1) 80.8 (0.6) 

Delignified wood - - 5.5 (0.4) 94.5 (0.4) 

standard deviations are reported in parentheses 

 
Figure 3.3 Photographs of (a) gelatin and (b) delignified wood/gelatin hydrogel. (c) Optical 
microscopy image of delignified wood/gelatin composite hydrogel in wet state with initial 
gelatin and genipin concentrations of 30 wt.% and 100 mM. 

The successful fabrication of delignified wood/gelatin hydrogel was further 
confirmed by FTIR analysis (Figure 3.4). The absorption band at 1527 
cm-1 in neat gelatin was ascribed to NH bending (amide II). The shift of the 
amide II band from 1527 to 1540 cm-1 (Figure. 3.3b) was observed in 
delignified wood/gelatin hydrogels, indicating that the presence of 
delignified wood prevented the formation of b-sheet structure, resulting in 
more random coil to a-helix structure during the physical folding of gelatin 
in cooling process.117 The peak at 897 cm-1 (Fig. 3.4a) is originated from the 
CH deformation at C1 position associated with C-O-C stretching of the b-
1,4-glycosidic linkages in cellulose and hemicellulose.118 The intensity of 
the shoulder peak at 897 cm-1 in the composite hydrogels decreased with 
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increasing crosslinking density at higher genipin concentrations, which 
indicating an increased hydrogen bonding between gelatin and delignified 
wood. Indeed, the broadening of the OH stretching vibration region 
centered at 3340 cm-1 (Fig. 3.4b) and the NH stretching of hydrogen-
bonded amide group at 3300 cm-1 were observed for the composite 
hydrogel with increasing genipin concentration119. The peaks at 3080 and 
2940 cm-1 (Fig. 3.4a) were attributed to the CH3 stretching and CH2 
stretching of amide B structure, respectively120. The relative intensity 
between 3080 to 2940 cm-1 (I3080/I2940) of genipin crosslinked delignified 
wood/gelatin composite was higher than the neat gelatin, indicating 
stronger entanglement in the gelatin network. 

 
Figure 3.4 ATR-FTIR spectra of neat gelatin and delignified wood/gelatin hydrogel 
crosslinked with genipin at different concentrations in the range of (a) 4000 to 800 cm-1 and 
(b) 3700 to 3100 cm-1 and 1600 to 1400 cm-1. 
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Figure 3.5 Cross section SEM images of freeze-dried delignified wood/gelatin hydrogels 
crosslinked with different amount of genipin: (a) 1 mM; (b) 50 mM; (c) 100 mM. 

The effect of genipin concentrations on the morphology and pore structure 
of delignified wood/gelatin hydrogels was further studied by FE-SEM 
(Figure 3.5) using freeze-dried samples. Their pore size and porosity data 
are summarized in Table 3.2. The fixation of gelatin in delignified wood 
was enabled by chemical crosslinking with genipin. When only 1 mM 
genipin solution was applied, the composite hydrogel showed similar 
macroscopic structure as delignified wood (Figure 3.5a). Due to the low 
initial concentration of genipin, network structure of gelatin did not form 
in the lumina. Gelatin was mainly adsorbed onto the surface of lumina and 
infiltrated into the cell wall and cell wall corners, resulting in a decreased 
porosity of 83.7 ± 0.2%. Indeed, smooth surface was observed at both cell 
wall and cell wall corners at high magnification (x 25,000). When the 
genipin concentration was increased to 50 mM, gelatin network was 
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formed within lumina and showed a pore size of 6.0 ± 1.2 µm (Figure 3.5b). 
As the concentration of genipin was increased to 100 mM, denser gelatin 
network was clearly observed in lumina (Figure 3.5c), and the crosslinked 
gelatin aerogel exhibits a porous structure with relatively small pore size of 
2.3 ± 0.5 µm. Consequently, the total porosity of delignified wood/gelatin 
hydrogel decreased to 72.7 ± 0.3% and 69.0 ± 0.2% when 50 and 100 mM 
genipin were applied, respectively. 
Table 3.2 Porosity of freeze-dried delignified wood/gelatin hydrogels and pore size of the 
infiltrated gelatin inside the lumina of delignified wood. 

Sample Genipin (mM) Pore size (µm) Porosity (%) 

Delignified wood/ 
Gelatin hydrogels 

1 - 83.7 (0.2) 

50 6.0 (1.2) 72.7 (0.3) 

100 2.3 (0.5) 69.0 (0.2) 

Delignified wood - - 93.4 (0.6) 

standard deviations are reported in parentheses 

3.1.3 Compressive mechanical properties 
The typical compressive stress–strain curves of gelatin, delignified wood, 
and delignified wood/gelatin hydrogels are shown in Figure 3.6 and their 
mechanical property data are summarized in Table 3.3 and Table 3.4.  

 
Figure 3.6 Compressive stress–strain curves of (a) genipin crosslinked gelatin hydrogels and 
(b) delignified wood and delignified wood/gelatin hydrogels at genipin concentrations of 1, 50, 
and 100 mM. 
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Table 3.3 Effect of genipin concentration on the compressive mechanical properties of neat 
gelatin hydrogels 

Genipin (mM) Elastic modulus (MPa) Fracture strain (%) Fracture stress (MPa) 

1 0.0225 (0.0024) 45.44 (3.57) 0.0217 (0.0046) 

50 0.0663 (0.0064) 71.15 (2.76) 0.5742 (0.1654) 

100 0.1358 (0.0230) 75.32 (4.88) 1.0064 (0.3686) 

standard deviations are reported in parentheses 

 
When neat gelatin was chemically crosslinked with genipin, the 
enhancement in elastic modulus, fracture stress and fracture strain was 
achieved owing to higher crosslinking density with increasing 
concentration of genipin (Table 3.3). The elastic modulus of gelatin 
hydrogel increased from 22.5 kPa to 135.8 kPa as the genipin concentration 
increased from 1 mM to 100 mM, respectively.  The crosslinked gelatin 
hydrogel showed elastic behavior and large deformation (compressive 
strain up to 50%) was induced with low stress load (Figure 3.6a). 
Increasing crosslinking density resulted in denser polymer network with 
decreased water content (from 88.2 to 85.9 wt.%, Table 3.1), which 
substantially enhanced the mechanical properties of neat gelatin 
hydrogel.121 As the genipin concentration increased from 1 mM to 100 mM, 
significant increase in fracture strain and fracture stress for neat gelatin 
hydrogel was observed (Table 3.3). The impact of crosslinking density on 
the mechanical properties of gelatin is significant due to its amorphous 
nature and lack of rigidity.121 Relatively high fracture stress (1.01 MPa) was 
achieved at a fracture strain of 75.3% by using 100 mM genipin. 
Table 3.4 Effect of genipin concentration on the compressive mechanical properties of 
delignified wood and delignified wood/gelatin hydrogels  

Sample Genipin 
(mM) E (MPa) 

Fracture 
stress 
(MPa) 

Yield 
stress 
(MPa) 

Yield 
strain 
(%) 

Delignified wood - 21.8922 
(3.7597) 0.3146 0.3110 

(0.0216) 
3.18 

(0.33) 

Delignified 
wood/gelatin 

hydrogels 

1 18.1235 
(1.8743) 7.1555 0.3823 

(0.0328) 
4.55 

(0.19) 

50 14.0698 
(1.4174) 7.4043 0.6526 

(0.0498) 
9.73 

(0.15) 

100 11.8205 
(1,5114) 14.4411 0.6893 

(0,0349) 
10.20 
(0.58) 

standard deviations are reported in parentheses 
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By contrast, the delignified wood hydrogel showed a completely different 
compressive stress–strain curve with an initial linear elastic deformation 
followed by a non-linear plastic yielding and the highest stress (311.0 kPa) 
was reached at a compressive strain of 3.2% (Figure 3.6b). Due to the 
misalignment of fibres, shear force was generated along with compression, 
thus tangential displacement of fibres under stress transitioned into a 
plateau when the strain was between 5 and 90%. Benefit from the 
crystalline nature of cellulose and oriented organization of cellulose 
microfibrils along longitudinal direction in the secondary cell wall of 
wood13, high stiffness was achieved with an elastic modulus of 21.89 MPa 
for the delignified wood hydrogel. When gelatin was infiltrated into 
delignified wood and crosslinked by genipin, the composite hydrogels 
showed similar compressive stress-strain profile as delignified wood, and 
a decrease in elastic modulus with an enhancement in yield stress and an 
increase in yield strain were observed (Table 3.4). Although the composite 
hydrogels had much lower water content (higher solid density) as 
compared to delignified wood (Table 3.1), the elastic modulus of the 
composite hydrogels decreased with the increasing genipin concentration 
as compared to delignified wood. This suggests that the volume fraction of 
infiltrated gelatin inside the wood cell walls and cell wall corners were 
increased with increasing crosslinking of gelatin. Indeed, the interaction 
between gelatin and delignified wood was also enhanced with increasing 
genipin concentration as confirmed by FTIR analysis. When 1 mM genipin 
was applied, slight increase in both yield stress and yield strain was found 
for composite hydrogel as compared to delignified wood. 
As the concentrations of genipin were increased to 50 and 100 mM, the 
yield stress of delignified wood/gelatin hydrogel increased two-fold to 0.71 
and 0.81 MPa, respectively, owing to the dense crosslinking between amino 
acid chains of gelatin and subsequent formation of hydrogel network 
within the cell lumina of delignified wood as revealed in Figure 3.5c. The 
network structure contributed to energy dissipation during compression, 
improving the resistance of hydrogel to yield. Hence the yield strain of 
hydrogel was increased to around 12.4%. Enhanced ductility resulted in 
decreased elastic modulus of composite hydrogel with the increase of 
genipin concentration. The modulus of the composite hydrogel crosslinked 
with 50 and 100 mM genipin were 9.33 and 10.10 MPa, respectively. 
However, these values are one to two magnitude higher than those for neat 
gelatin crosslinked with genipin of the same concentration (Table 3.4). 
Such synergistic enhancement in both yield stress and elastic modulus 
indicated the mutual toughening effect owing to the formation of 
intermolecular hydrogen bonding as revealed by FTIR analysis. 
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3.1.4 Swelling behavior 

 
Figure 3.7 Effect of genipin concentration on the equilibrium swelling ratio of delignified wood, 
delignified wood/gelatin hydrogel and neat gelatin hydrogels in PBS buffer solution 

The swelling behavior is another key factor which is strongly influenced by 
the structure of composite hydrogel. As shown in Figure 3.7, the 
equilibrium water uptake of delignified wood was 1747.5 ± 14.1% because 
of its high porosity and hydrophilicity. Freeze-fried neat gelatin hydrogel 
also showed high water uptake, around 2120.1 ± 153.9%, when 1 mM 
genipin was applied. The loosely crosslinked gelatin network enabled 
accommodating large volume of phosphate buffer. The swelling of neat 
gelatin hydrogel was restricted when higher concentration of genipin was 
applied. A water uptake of 825.1 ± 17.7% was obtained at a genipin 
concentration of 100 mM. A plausible explanation is the formation of a 
rigid network through genipin crosslinking, which reduced the accessible 
hydrophilic groups as well as the extensibility of gelatin network. Different 
from neat gelatin, delignified wood/gelatin hydrogels showed less 
dependence on the genipin concentration. The water uptake values of the 
composite hydrogels were 431.1 ± 5.7%, 427.9 ± 4.4%, and 407.5 ± 5.2% at 
a genipin concentration of 1, 50, and 100 mM, respectively. Such lower 
water uptake values as compared to delignified wood and neat gelatin were 
resulted from the infiltration of gelatin into wood cell wall and the 
formation of strong intermolecular hydrogen bonding between delignified 
wood and gelatin after genipin crosslinking. These values also suggested 
that the corresponding water content of the PBS rehydrated composite 
hydrogels were ca. 81.2%, 81.1%, and 80.3%, respectively, same to the 
original water content in the composite hydrogels (Table 3.1). This 
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indicates that unlike the neat gelatin hydrogel, further swelling of the 
composite hydrogel did not occur. Indeed, the accessibility of delignified 
wood cell wall and hydrophilicity of both components were significantly 
constrained. Particularly, the rigid nature of the cell wall structure in 
delignified wood restricted the swelling of gelatin. 
As a comparison, when 30 wt.% gelatin was crosslinked with N-(3-
dimethy-laminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) within 
the bacterial cellulose (BC) scaffold121, the double-network (DN) composite 
hydrogel showed a compressive stress of 3.7 MPa, a modulus of 1.7 MPa, 
and an a degree of swelling of 5.8, which is equal to a water uptake value of 
480%. Another example is TEMPO-oxidized CNF/gelatin (1:10 by weight) 
composite, in which gelatin was crosslinked initially through physical 
dehydrothermal treatment and then chemically with 6 wt.% hexa-
methylenediamine and/or 1 wt.% genipin. The resulted composite 
hydrogel showed a compressive stress of 25.6 kPa, an elastic modulus of 
35.2 ± 3.1 kPa and a swelling ratio of 10.8 ± 0.6, which is equal to a water 
uptake value of around 1080%.122 Photo-crosslinked interpenetrating 
network (IPN) hydrogel consisting of chitosan and gelatin methacryloyl 
achieved a compressive modulus of 116.08 ± 9.62 kPa and an equilibrium 
water uptake value of around 1000%.123 Taking advantage of the native 
aligned cellulose fibrils in wood cell wall and honeycomb like cellular 
structure of wood108, the delignified wood/gelatin hydrogel prepared in 
this work was proved to be both mechanically tough under compression 
and highly resistant to swelling under physiological condition. Besides, the 
water content of delignified wood/gelatin hydrogel (ca.81 wt.%, Table 1) is 
among the highest which is close to that in natural cartilage.124 

3.1.5 Summary 
A bio-based composite hydrogel composed of gelatin and delignified wood 
was successfully prepared through infiltration of gelatin into the porous 
wood structure at 50 oC and subsequent crosslinking with genipin at 4 oC.  
The composite hydrogels demonstrated high mechanical strength. With 
increasing genipin concentration from 1 to 100 mM, the composite 
hydrogels showed an increase in compressive yield stress as high as 689.3 
kPa owing to the infiltration of gelatin into the cell wall and cell wall corner 
and the formation of gelatin network within lumina of the well-preserved 
wood cell structure in delignified wood. The elastic modulus of the 
composite hydrogel was 11.82 MPa at a genipin concentration of 100 mM, 
two magnitude higher than the corresponding neat gelatin hydrogel.  
The composite hydrogel showed high resistance to swelling during 
rehydration in phosphate buffer (0.1 M, pH 7.4) at 37 °C. The swelling of 
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gelatin was strongly confined within lumina of the wood cell, resulting in 
the water uptake at equilibrium state as low as 407.5%.  
Both pore size of the infiltrated gelatin and porosity of the freeze-dried 
composite hydrogels decreased as increasing the crosslinking density, due 
to the formation of denser polymer network.  

3.2 TEMPO-oxidized wood (TO-wood) aerogels and self-
densified film (Paper II) 
The cellulose microfibrils in native wood cell wall mainly present in form 
of large fibril aggregates and the thickness of fibril aggregates also 
increases after the delignification process due to the removal of restricting 
spacers, lignin and hemicellulose.23 Thus, further disintegration of the 
fibril aggregates in the delignified wood without losing the cell wall 
structure and the natural alignment of cellulose microfibrils remains a 
grand challenge in exploiting nanotechnology for wood-based materials 
via a top-down approach. In this section, TEMPO-mediated oxidation of 
delignified wood was investigated to obtain highly mesoporous wood 
structure with fibrillated cell wall as well as surface carboxyl groups. 
TEMPO-oxidized wood (TO-wood) was then explored for preparing 
various functional biocomposites in connection to section 3.3 and 3.4.  

3.2.1 Microstructure of delignified wood and TO-wood 

 
Figure 3.8 a) Photograph of delignified wood. b,c) SEM images of the cross section of 
delignified wood. d-f) SEM images of the longitudinal section of delignified wood. 

The honeycomb-like cellular structure of wood was well preserved after the 
delignification process (Figure 3.8a and 3.8b). Voids can be observed in 
the lignin-abundant secondary cell wall and the middle lamella owing to 



RESULTS AND DISCUSSION | 39 
 

 

the removal of lignin. The delignification process increased the 
accessibility of cell wall and exposed the surface of cellulose fibrils for 
further chemical modification. In addition, a few nano size pores and 
cellulose microfibrils in the form of aggregates were found in the secondary 
cell wall (S layer, Figure 3.8c and 3.8e), while the primary cell wall (P layer, 
Figure 3.8f) was still a rather dense fibrils network. Compositional analysis 
showed that 1.28% residual lignin remained in the delignified wood while 
cellulose and most hemicellulose were preserved (Table 3.5). This was 
also confirmed by the disappearance of the peak at 1505 cm-1 for aromatic 
ring skeleton vibration in FTIR (Figure 3.9). Only 3% loss of 
hemicellulose was detected after delignification, which originated from 
highly substituted xylan associated with lignin.125 

 
Figure 3.9 FTIR spectrum of balsa wood, delignified wood and TO-wood. 

TEMPO-mediated oxidation efficiently introduced carboxyl groups to the 
surface of cellulose microfibrils with nanoscale diameters. The repulsion 
between carboxyl groups at neutral condition facilitated the swelling of 
individual cellulose microfibril aggregates. Swelling of wood structure was 
observed in the tangential direction (Figure 3.10a) after TEMPO-
mediated oxidation and subsequent washing with deionized water. 
Although the de-bonding of wood fiber cells occurred during the swelling, 
the structural integrity of wood remained as a microtube array structure 
was observed in cross section (Figure 3.10b). Nanoscale pores were 
generated in the secondary cell wall (Figure 3.10c), owing to the partial 
removal of hemicellulose and electrical repulsion between surface 
carboxylated cellulose microfibrils. Higher magnification SEM images on 
the inner (S layer, Figure 3.10e) and outer (P layer, Figure 3.10f) surfaces 
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of fibers in TO-wood revealed the arrangement of intact cellulose 
microfibrils. The S layer consists of highly aligned fibrillated cellulose 
microfibrils with visible aggregation size of ca. 20 nm. The inter-fibrillar 
spaces mainly presented in a double convex lens shape. The primary cell 
wall (Figure 3.10f) exhibited a random-in-plane network organization of 
cellulose microfibrils with a uniform size of ca. 10 nm.15 The TO-wood 
possesses surface carboxyl groups which was confirmed by the appearance 
of strong absorption peak at 1604 cm-1 in FTIR. Therefore, TO-wood 
showed a carboxylate content of 0.78 mmol g-1 as measured by 
conductimetric titration, which is 3 times higher than delignified balsa 
wood (0.26 mmol g-1) and comparable to CNFs obtained from hardwood 
pulp fibers.126 The increased carboxyl content is in correspondence to an 
increased uronic acid content from 4.82 to 12.09% (Table 3.5).  
Table 3.5. Chemical composition of native, delignified and TO-wood 

 
 

Lignin 
(%) 

Cellulose 
(%) 

Hemicellulose 
(%) 

Uronic Acid 
(%) 

Native wood 22.63 52.87 15.67 - 

Delignified wood 1.28 44.63 12.67 4.82 

TO-wood 1.25 37.71 4.64 12.09 

 

 
Figure 3.10 a) Photograph of TO-wood. b,c) SEM images of the cross section of TO-wood. 
d-f) SEM images of longitudinal section of TO-wood.  
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3.2.2 Effect of drying methods on the microstructure of TO-wood 
aerogels 
Table 3.6 Comparison of SBET of native wood, delignified wood aerogels and TO-wood 
aerogels. SCD: supercritical drying; FD1: freeze drying (liquid nitrogen); FD2: freeze drying 
(‒20 °C) 

Wood sample Drying method SBET (m2 g-1) 

Delignified wood SCD 36 

TO-wood SCD 249 

TO-wood FD1 197 

TO-wood FD2 28 

 
The TO-wood dried by using supercritical CO2 showed a high SBET of 249 
m2 g-1 (Table 3.6). The SBET of supercritical dried (SCD) delignified wood 
prepared in this work was 36 m2 g-1, which is ca. 7 times lower than TO-
wood. TO-wood prepared by freeze-drying using liquid nitrogen (FD1) 
showed also a high SBET value of 197 m2 g-1. TO-wood prepared by both SCD 
and FD1 showed significant higher adsorption of N2 as compared to the 
delignified wood (Figure 3.11a).  

 
Figure 3.11 a) N2 adsorption/desorption isotherms of delignified wood and TO-wood aerogels 
prepared by supercritical drying (SCD) and freeze-drying (FD1, rapid frozen by using liquid 
nitrogen; FD2, frozen in –20 oC freezer). (filled marker: adsorption isotherm, empty marker: 
desorption isotherm). b) Pore size distribution derived from N2 adsorption using the method 
of density functional theory. 

The pore size distribution results of both TO-wood and delignified wood 
showed mesoporous structure (Figure 3.11d). The delignified wood had 
mesopores from 3 to 20 nm, while the TO-wood (SCD and FD1) had 
mesopores from 3 to 50 nm with much higher cumulative pore volume. 
Most of the pores in TO-wood were in the range of 4 to 30 nm, same as that 
confirmed by the structure analysis by SEM (Figure 3.10). However, when 
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the TO-wood was frozen at –20 oC and then lyophilized (FD2), the SBET 
value was 28 m2 g-1 and only mesopores of 2.5 to 10 nm were detected, 
corresponding to much denser cell walls as revealed by structure analysis 
using SEM (Figure 3.12). 

 
Figure 3.12 SEM images of TO-wood aerogel cell wall surface and cross section dried using 
FD2 method.  

3.2.3 Mechanical properties of TO-wood aerogels 

 
Figure 3.13 Compressive stress-strain curves with maximum strains of 20, 30, 40 and 60 % 
for TO-wood aerogels using different drying methods SCD (a), FD1 (b) and FD2 (c).  

Compressive test was conducted along the tangential direction of TO-wood 
aerogels. The compressive stress-strain curves of TO-wood aerogels 
prepared by the SCD, FD1 and SD2 methods are shown in Figure 3.13. 
Both wood aerogels dried with SCD and FD1 showed a linear elastic region 
reflecting the cell wall bending with compressive strain up to 10%, followed 
by a densification region with rapid increase of the compressive stress 
resulting from deformation of the cell walls (Figure 3.13a and 3.13b). The 
compressive stress of the FD1 aerogel at 10% strain was 5 kPa due to a 
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rather porous cell wall structure (Table 3.7). The stress-strain curves of 
TO-wood aerogel prepared by the FD2 method showed three distinct 
regions (Figure 3.13c). Particularly, as the compressive strain increased 
from 10% to 40%, a stress plateau stage was observed due to the gradual 
compression of the rather dense cell walls (Figure 3.13c), which were 
formed during the process of slow freezing at –20 °C and subsequent 
lyophilization. The compressive stress of the FD2 aerogel at 10% strain was 
24 kPa, and the compressive stress at 40% strain was recorded at 52 kPa, 
10 times higher than those wood aerogels previously prepared via the top-
down approach.56, 62 
Table 3.7 Physical and mechanical properties TO-wood aerogels 

Drying method Density (kg m-3) Porosity (%) σ 10% (kPa) σ 40% (kPa) 

SCD 50.2 (1.6) 96.7 (0.1) 4 44 

FD1 44.8 (2.0) 97.0 (0.1) 5 56 

FD2 46.6 (1.4) 96.9 (0.1) 24 52 

standard deviation are reported in parentheses 

 

 
Figure 3.14 Compressive stress−strain curves of the TO-wood aerogel (FD2) at the 
maximum strain of 20 % for 9 cycles. 

A cyclic test at 20 % strain demonstrated its good stability under multiple 
rounds of compression (Figure 3.14). Besides, high porosity of 96.9 ± 0.1 % 
and low density of 46.6 ± 1.4 kg m-3 was obtained for the FD2 aerogel, 
indicating possibility to be used for liquid absorption. Although SCD and 
FD1 aerogels have poorer compressibility, the low rigidity of wood cell wall 
provides the opportunity for better densification of the native wood 
structure for functional materials, which will be discussed in the next 
section. 
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3.2.4 Self-densification of TO-wood hydrogel 
After NaClO2 delignification and TEMPO-mediated oxidation, a 2 mm 
thick balsa wood veneer was air-dried into an 80 µm thick transparent film 
on a glass plate after 24 hours at ambient condition (22°C, 30% RH) 
without any additional pressure (Figure 3.15). Without TEMPO-
mediated oxidation, delignified wood veneer only reduced to half of its 
original thickness and resulted in an opaque film after drying in the same 
condition. The delignified wood showed insufficiently densified structure 
with rough surface, and apparent buckling of cell wall can be observed 
(Figure 3.16a and 3.16b). The TO-wood completely collapsed into a film 
with layered dense structure (Figure 3.16c and 3.16d) which is very similar 
to previously reported densified wood, where external mechanical pressure 
and heating had to be applied.58, 66, 97 

 
Figure 3.15 Schematic illustration of the preparation of air-dried (22°C, 30% RH) delignified 
wood film and self-densified transparent film. 

 
Figure 3.16 SEM images of a) surface and b) cross section of air-dried delignified wood. SEM 
images of c,e) surface and d,f) cross section of the air-dried TO-wood film indicating 
densification. 
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Self-densification is a solution casting process in principle, the process 
efficiency for TO-wood film is surprisingly higher than those films casted 
from TEMPO-oxidized CNFs water suspension, for which several days are 
required at ambient condition.127 The self-densification relies on the 
elastocapillarity generated by the water flow in a flexible tube, and the 
water flow in the cell lumina of TO-wood was driven by evaporation 
(Figure 3.17). The water movement in wood is combined with capillary 
flow of free water in the cell cavities and diffusion as hygroscopic water in 
the cell wall and/or as water vapor through the fiber cells.128 In natural bulk 
wood, capillary pressure can move the water from inside the wood to the 
surface and replace it with air during lumber drying process.129 Such 
cavitation phenomenon takes place in xylem conduit generates negative 
pressure, which would lead to collapse of the tubular structure.  

 
Figure 3.17 Illustration of the self-densification mechanism of the TO-wood 

The native and delignified wood fibers have limited porosity. Their lumina 
and cell-wall micropores can be assumed as closed structure, which 
exhibits buckling resistance to compressive loads, i.e. elastocapillary force 
in fiber lumina, due to the lack of flexibility.130, 131 TEMPO-mediated 
oxidation significantly increased the flexibility of wood cell wall thus there 
was no buckling, allowing the complete collapse of cell structure. The 
distance which elasto-capillary force becomes effective in deforming solids 
is given as L = 𝛾/E, where 𝛾 is the surface tension and E is the Young’s 
modulus of the solid.132, 133 The surface tension of anisotropic surface 
between cellulose and pure water is 72 mN m-1.134 The elastic modulus of 
TO-wood was ca. 50 kPa. Hence the effective distance is at the magnitude 
of micrometers. The water content of TO-wood increased from 94.5 wt.% 
(delignified wood) to 99.5 wt.%, indicating improved hydrophilicity and 
more accessible hydroxyl groups due to fibrillation. Once the two sides of 
lumen were in contact, strong hydrogen bonding would form between the 
abundant hydroxyl groups on cellulose fibrils, hence the deformation was 
fixed in place and high densification rate was achieved.  

3.2.5 Mechanical property of self-densified film 
The self-densified film from TO-wood has a density of 1.32 ± 0.1 g cm-3 
which is the highest among the reported anisotropic densified wood films 
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or composites in literature.36, 58, 66, 87, 97, 98, 135 Density is strongly correlated 
to the mechanical properties of materials. The self-densified film showed 
high tensile strength of 449.1 ± 21.8 MPa and Young’s modulus of 51.1 ± 
5.2 GPa (Figure 3.18) which are 17.3-times and 22.2-times compared to 
air dried delignified wood, respectively. Similar mechanical performance 
was reported previously for densified materials from partially delignified 
wood66 and alkaline-extracted delignified wood.58 However, densification 
of the partially delignified wood required hot pressing for 24 h under a 
pressure of 5 MPa, and densification of the alkali-extracted delignified 
wood was achieved under a load of 5 kg at room temperature for up to 2 
days. The self-densified film features the highest energy efficiency in film 
formation processes. 

 
Figure 3.18 Typical stress-strain curves of air-dried delignified wood and TO-wood films. 

3.2.6 Optical property of self-densified film 
The self-densified film from TO-wood had a total optical transmittance of 
around 80 % and a total optical haze of around 70% in the wavelength 
range of 400–760 nm (Figure 3.19a and 3.19b). As a comparison, the 
delignified wood dried with the same procedure had an optical 
transmittance of 10 %, indicating incomplete densification. As the native 
alignment of cellulose microfibrils in wood cell wall was kept after TEMPO-
mediated oxidation (Figure 3.10e), self-densified film also exhibited 
anisotropic light scattering behavior, similar to transparent wood/polymer 
composites.58, 97, 136 The collected scattering light transmitted through the 
self-densified film showed an ellipse shape due to the different scattering 
intensity in orthogonal directions (Figure 3.19c inset), which is a key 
feature of anisotropic materials.113 Detailed light intensity distributions 
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were plotted in Figure 3.19c,d. Due to the alignment of cellulose 
microfibrils along the fiber in the longitudinal direction, light scattering 
perpendicular to the fiber direction had stronger intensity and wider 
scattering angle (± 60°) than that parallel to fiber direction (± 50°). When 
the film was placed on a grid paper, the grids could be clearly seen with no 
distortion (Figure 3.19e). As the film was leveled up to 20 mm above the 
grid paper, only those lines perpendicular to the microfibrils orientation 
could be observed with good clarity (Figure 3.19f). 

 
Figure 3.19 Optical properties of self-densified film from TO-wood and air dried delignified 
wood. a) optical transmittance and b) optical haze of the film (Thickness = 80 µm). c) The 
normalized angular intensity distribution and d) Lorentz fit of scattered light for the self-
densified film at direction perpendicular (red) and parallel (green) to fiber direction. 
Photographs of the film placed on e) a grid paper and f) 20 mm above a grid paper. Arrows: 
fiber direction. Inset: photo of scattered light after the sample.  

3.2.7 Summary 
TEMPO-mediated oxidation in neutral condition was successfully applied 
in bulk wood modification for the first time. The resulting TEMPO-
oxidized wood showed high carboxyl content which resulted in fibrillation 
of cell wall and subsequent large mesoporosity.   
Depending on drying and washing process, TO-wood showed SBET ranging 
from 28 to 249 m2 g-1 together with high porosity of ~97% and low density 
of ~50 mg cm-3. Supercritical drying appeared to maximumly preserve the 
fibrillated cell wall structure of TO-wood.  

TEMPO-mediated oxidation significantly softened the wood cell wall and 
allow elastocapillary force generated by water evaporation to deform the 
tubular structure. Therefore, a self-densification process was developed for 
the fabrication of an ultra-strong transparent film without the aids of 
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heating and pressing. The self-densified film with natively aligned cellulose 
microfibrils demonstrated high mechanical strength (449.1 ± 21.8 MPa 
and a Young's modulus of 51.1 ± 5.2 GPa) and anisotropic optical properties.  

3.3 Strong and thermochromic hydrogel from TO-wood 
and PNIPAM (Paper III) 
In order to modulate the indoor temperature and reduce energy 
consumption used for heating or cooling, smart windows that can 
dynamically control the light transmittance in response to a wide range of 
external stimulus such as UV light, temperature, electrical field, and 
mechanical strain are emerging.137 Thermochromic materials such as 
PNIPAM hydrogel could change reversibly between transparent state and 
opaque state by a temperature change in the range of 25–35 °C, which is 
advantageous in smart window application as no additional energy input 
is required.138 However, poor mechanical performance remains a challenge 
for applications of PNIPAM-based hydrogels, where stiffness, high tensile 
strength and toughness are desired.139 TO-wood showed highly fibrillated 
cell wall structure and large mesoporosity resembling similar structure as 
CNFs network, which can be used as reinforcing network for fragile 
synthetic polymer networks. In this section, we investigated the use of TO-
wood substrates as reinforcement for the PNIPAM hydrogel, while 
preserving high optical transmittance and favorable thermochromic 
properties. 

3.3.1 Preparation and structure of the wood/PNIPAM hydrogels. 
Delignified wood and TO-wood veneer (thickness ~2 mm) prepared in 
section 3.2 were used in this section for hydrogel preparation. Further 
acidification of the TO-wood with 0.1 M HCl induced nanoscale 
aggregation between cellulose microfibrils in the cell wall and enhanced 
the structural rigidity of each fiber cell. As a result, fiber cells in the A-TO-
wood (Figure 3.20a) appeared to be cylindrical. As mentioned in section 
3.2, TEMPO-mediated oxidation induced the generation of a large amount 
of mesopores within the cell wall. The mesopore volume of TO-wood was 
calculated to be 0.78 cm3 g-1, ca. 10 times of delignified wood (0.07 cm3 g-

1), confirming significantly improved cell wall mesoporosity and 
accessibility. Decreasing pH of the aqueous suspension of TEMPO-
oxidized cellulose microfibrils induced gelation due to increased 
interfibrillar interactions.140, 141 Indeed, acid treatment of the TO-wood re-
introduced aggregation between cellulose microfibrils, resulting in slit-like 
pores in the cell wall of A-TO-wood (Figure 3.20b). The SBET of the A-TO-
wood was 86 m2 g-1 with a mesopore volume of 0.24 cm3 g-1, demonstrating 
reduced cell wall mesoporosity compared to the TO-wood. In the 
longitudinal section (Figure 3.20c), different from the highly fibrillated 
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primary cell wall structure in TO-wood (Figure 3.10f), cellulose 
microfibrils were found aggregated in the cell wall of A-TO-wood (Figure 
3.20d) due to increased interfibrillar interaction as the surface carboxyl 
groups of cellulose microfibrils were protonated. 

 
Figure 3.20 a,b) FE-SEM images of cross section and corresponding wood cell wall at higher 
magnification of A-TO-wood. c,d) FE-SEM images of longitudinal section and corresponding 
primary cell wall surface at higher magnification of A-TO-wood.  

Delignified wood, TO-wood and A-TO-wood in wet state were directly used 
as the substrates for hydrogel preparation. The composite hydrogels were 
successfully prepared by in situ free radical polymerization of NIPAM with 
MBA and APS as crosslinker and initiator, respectively, so that a 3D 
PNIPAM network was formed inside the porous wood substrate. The 
delignified Wood/PNIPAM hydrogel was opaque and rigid (Figure 3.21a), 
while the TO-wood/PNIPAM hydrogel was transparent and flexible 
(Figure 3.21b). The A-TO-wood/PNIPAM hydrogel showed higher stiffness 
but with compromised transparency compared with TO-wood/PNIPAM 
hydrogel (Figure 3.21c). 
Microstructure analysis revealed the cellular wood structure with a 
polymer network of PNIPAM in the cell lumen space of delignified 
wood/PNIPAM hydrogels (Figure 3.21d). Distinct phase separation 
between PNIPAM and wood cell wall in the lumen was observed. The 
infiltration of NIPAM inside the delignified wood cell wall may have been 
limited by poor NIPAM-wood compatibility and resulted in poor 
connectivity between wood and the PNIPAM network in lumen space. For 
the oxidized TO-wood/PNIPAM hydrogel (Figure 3.21e), the result was 
very different. A typical mesoporous structure of a polymer hydrogel with 
abundant micron-size pores was observed. The boundary between fiber 
cells and the interface between cell wall and PNIPAM domain were barely 
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detectable. This suggests a continuous PNIPAM polymer network 
penetrating into the highly fibrillated wood cell wall, because of TEMPO-
mediated oxidation. The A-TO-wood/PNIPAM hydrogel also showed a 
cellular structure with a PNIPAM network in lumina, the middle lamella 
(Figure 3.21f), and possibly inside the cell wall. However, moderate phase 
separation between lumen-filling polymer and the cell wall was observed 
due to aggregation of cellulose microfibrils. The wood cell wall was 
partially identified as a separate layer between segmented PNIPAM 
domains, implying reduced infiltration of PNIPAM network inside the cell 
wall, due to cellulose microfibril aggregation and reduced mesoporosity 
from the acid treatment. 

 
Figure 3.21 Photographs of the composite hydrogels: a) delignified wood/PNIPAM, b) TO-
wood/PNIPAM and c) A-TO-wood/PNIPAM. FE-SEM images of the cross sections of d) 
delignified wood/PNIPAM, e) TO-wood/PNIPAM, and f) A-TO-wood/PNIPAM hydrogels after 
freeze-fracture and lyophilization. 

Table 3.7 Composition of water, wood and PNIPAM in the wood/PNIPAM composite hydrogel 
samples.  

 Water (wt.%) Wood (wt.%) PNIPAM (wt.%) 

Delignified wood/PNIPAM 93.2 5.8 1.0 

TO-wood/PNIPAM 94.9 2.6 2.5 

A-TO-wood/PNIPAM 94.0 3.8 2.2 

Neat PNIPAM 98.0 - 2.0 
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Neat PNIPAM and wood/PNIPAM composite hydrogels prepared in this 
work had water content higher than 90 wt.%, see hydrogel composition 
summary in Table 3.7. The wood content in the TO-wood based hydrogel 
(2.6 wt.%) was lower than that for delignified wood-based hydrogel (5.8 
wt.%), due to the swelling of wood structure caused by cell wall fibrillation 
and introduction of surface charge after TEMPO-mediated oxidation. 
Acidification led to slight shrinkage of the TO-wood, resulted in an increase 
in wood content (3.8 wt.%). In the delignified wood, PNIPAM was mostly 
located in the lumen space as revealed by the structure analysis (Figure 
3.21d), and the weight content of PNIPAM in the composite hydrogel was 
1.0 wt.%. The highly fibrillated cell wall structure and high mesoporosity 
in TO-wood allowed the formation of PNIPAM hydrogel not only in the 
lumen but also inside the cell wall, middle lamella, and cell wall corners 
(Figure 3.21e). Although the resulting TO-wood/PNIPAM hydrogel was 
highly swollen with a water content of 94.9 wt.%, the PNIPAM content was 
2.5 wt.%, much higher than that in delignified wood. The A-TO-
wood/PNIPAM hydrogel, however, had a lower PNIPAM content (2.2 wt.%) 
and a higher wood content (3.8 wt.%) as compared to the TO-
wood/PNIPAM hydrogel. The reason is that in the A-TO-wood (Figure 
3.21f), the cellulose microfibrils were aggregated after acid treatment, and 
the stiff and dense cellulose network hindered formation of a PNIPAM 
network inside the cell wall. This further leads to partial cell wall 
delamination after freeze-drying (Figure 3.21f).  

3.3.2 Optical properties  

 
Figure 3.22 a) Total optical transmittance and b) haze of neat PNIPAM, TO-wood/PNIPAM, 
A-TO-wood/PNIPAM hydrogels (sample thickness = 2 mm)  

The incorporation of a microscale cellulosic fiber network in a transparent 
polymer matrix usually results in lower optical transparency due to light 
scattering. Disintegration of the reinforcing cellulosic fibers into nanoscale 
is essential to reduce scattering and reflection.142 The delignified 
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wood/PNIPAM hydrogel showed poor optical transmittance of 19.2% at 
600 nm with a sample thickness around 2 mm (Figure 3.22a), which 
corresponds to its opaque appearance (Figure 3.21a). After in situ 
fibrillation inside the cell wall by TEMPO-mediated oxidation, the TO-
wood/PNIPAM hydrogel showed profound transparency with a total 
transmittance of 85.8% at 600 nm with same sample thickness, slightly 
lower than that of neat PNIPAM hydrogel (95.5%). The aggregation of 
cellulose microfibrils induced by acidification resulted in a strong 
reduction of transmittance to around 64.5% in the A-TO-wood/PNIPAM 
hydrogel. In solid transparent wood, the refractive index of air is about 1, 
which is far lower than delignified balsa wood (ca. 1.536) and polymers 
(1.5–1.6).143 Any unfilled voids would cause light scattering and reflection, 
which reduce the overall transparency of transparent wood. For example, 
transparent wood prepared from delignified balsa wood and PMMA was 
reported having an optical transmittance of 60–70% with a sample 
thickness of 2.3 mm.41 On the other hand, water with refractive index of ca. 
1.33 is a relatively better refractive-index-matched media than air.76 
Although the refractive-index mismatch still exists between water and 
cellulose, the fibrillation of cellulose microfibrils down to 20–40 nm and 
infiltration of PNIPAM inside the cell wall effectively reduced reflection 
and scattering in TO-wood/PNIPAM hydrogel. In addition, the abundant 
hydroxyls on cellulose surface provide good affinity with water and the 
hydrophilic domain of PNIPAM below lower critical transition 
temperature (LCST), resulting in less interfacial light scattering. As shown 
in Figure 3.22b, the haze value remained at around 80% for all composite 
hydrogels, much higher than that for neat PNIPAM hydrogel which is 
about 15%. Higher haze leads to more uniform scattering of light and can 
be beneficial for smart window applications to provide soft light and indoor 
privacy.69 
The optical light scattering property of TO-wood/PNIPAM and A-TO-
wood/PNIPAM hydrogels was further studied, and the results are shown 
in Figure 3.23. Like structurally anisotropic solid transparent wood, 
anisotropic light scattering behavior was also found in these 
wood/PNIAPM hydrogels. Light propagated differently in orthogonal 
directions of wood/PNIPAM, with much stronger scattering in the 
direction perpendicular to the orientation of fibers (denoted as horizontal 
direction in accordance with experimental setup) (Figure 3.23a). This is 
due to less refractive-index variation along fiber direction, indicating 
strong alignment of cellulose microfibrils in the hydrogel.72 The light 
scattering anisotropy was then evaluated with angular light scattering 
distribution. A wide distribution of scattered light was found in horizontal 
direction of both TO-wood/PNIPAM (Figure 3.23b) and A-TO-
wood/PNIPAM (Figure 3.23c) hydrogels. The light scattering distribution 
was narrower along the fiber direction (vertical direction), indicating less 
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scattering along fiber direction. The full width of half maximum (FWHM) 
of horizontal direction is around 2 times of the vertical direction, which is 
in line with transparent wood.113 The distribution of scattered light in both 
directions were considerably wider for A-TO-wood/PNIPAM than for TO-
wood/PNIPAM hydrogel due to the interfacial discontinuity between cell 
wall and PNIPAM domains (Figure 3.21f), and higher relative content of 
dry mass which leads to stronger refractive index mismatch. Nevertheless, 
the FWHM of horizontally scattered light remained 2 times of that of 
vertically scattered light in A-TO-wood/PNIPAM. This suggests that the 
orientation of microfibrils was not much affected by post acidification. 

 
Figure 3.23 Anisotropic light scattering behavior of TO-wood/PNIPAM and A-TO-
wood/PNIPAM hydrogels. a) Illustration of light scattering pattern of hydrogels with fiber 
direction in-plane. Angular light scattering distribution of b) TO-wood/PNIPAM and c) A-TO-
wood/PNIPAM with fiber direction in-plane. Insets are photos of scattered light after the 
sample. Sample thickness: ca. 2 mm. 

3.3.3 Thermochromic properties 
The DSC heating thermograms of neat PNIPAM, TO-wood/PNIPAM, and 
A-TO-wood/PNIPAM hydrogel samples are shown in Figure 3.24a. The 
incorporation of wood substrates led to slight elevation of the LCST of 
composite hydrogels. The LCST of TO-wood/PNIPAM and A-TO-
wood/PNIPAM hydrogels were 34.9 and 34.7 °C, respectively, whereas the 
LCST of neat PNIPAM hydrogel was 34.4 °C. Higher LCST of TO-wood-
PNIPAM hydrogel also indicates better interaction between the wood 
derived cellulose network and the PNIPAM hydrogel in the lumen through 
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semi-interpenetration of PNIPAM from oxidation and improved cell wall 
fibrillation.  

 
Figure 3.24 a) Differential scanning calorimetry thermograms of neat PNIPAM, TO-
wood/PNIPAM and A-TO-wood/PNIPAM hydrogels showing the LCST temperatures. b) 
Photographs of neat PNIPAM, TO-wood/PNIPAM, and A-TO-wood/PNIPAM hydrogels 
placed on stainless-steel plate with flower pattern drawn with waterproof ink at 25 °C and 
40 °C, demonstrating the thermochromic behavior. 

Because of the phase transition, the appearance of TO-wood/PNIPAM and 
A-TO-wood/PNIPAM hydrogels was sharply changed from transparent to 
white when the temperature was increased from 25 ºC to 40 ºC (Figure 
3.24b). The flower in the background which was seen below LCST was 
completely masked by the hydrogels at temperature above LCST, 
exhibiting large reduction of light transmittance. On the contrary, neat 
PNIPAM hydrogel remained translucent that the flower pattern was still 
visible, indicating lower efficiency in light modulation and a unique wood 
composite effect. The whiteness for composite hydrogels was induced by 
the scattering at the interface between hydrophilic cellulose microfibrils 
and hydrophobic PNIPAM domains above LCST. 

3.3.4 Mechanical properties 
The mechanical properties of neat PNIPAM, TO-wood/PNIPAM and A-
TO-wood/PNIPAM hydrogels were studied by tensile test. Their typical 
tensile stress-strain curves are shown in Figure 3.25 and their mechanical 
property data are summarized in Table 3.8. At ambient condition, the 
mechanical properties of neat PNIPAM hydrogels are affected mainly by 
PNIPAM content and the molar ratio of crosslinker/monomer.144 In this 
work, MBA/NIPAM molar ratio was kept at 0.004. Neat PNIPAM showed 
a Young’s modulus of 0.013 MPa, a tensile strength of 7.0 kPa, and a 
fracture strain of 85%, which are consistent with literature results.145-147 
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Compared to neat PNIPAM, both TO-wood/PNIPAM and A-TO-
wood/PNIPAM hydrogels showed dramatically improved mechanical 
property. Different mechanical behavior was observed in radial (R) and 
longitudinal (L) directions, due to the intrinsic anisotropy of the wood 
substrate. 

 
Figure 3.25 Typical tensile stress–strain curves of TO-wood/PNIPAM and A-TO-
wood/PNIPAM composite hydrogels in a) radial (R) direction and b) longitudinal (L) direction 
as compared to neat PNIPAM hydrogel. 

In the R direction, both TO-wood/PNIPAM and A-TO-wood/PNIPAM 
hydrogels fractured instantly without yielding (Figure 3.25a). TO-
wood/PNIPAM hydrogel showed a tensile strength of 152 kPa and a 
Young’s modulus of 0.31 MPa, 20-fold higher than for neat PNIPAM (Table 
3.8). The simultaneous increase in tensile strength and Young’s modulus 
compared to neat PNIPAM was due to the wood reinforcement. There is 
possible formation of hydrogen bonding between carboxyls and hydroxyls 
groups in the TO-wood and the amide groups in PNIPAM.148 The fracture 
strain of TO-wood/PNIPAM hydrogel in R direction slightly decreased to 
71% while the tensile toughness (work of fracture) of the hydrogel was 
increased to 57 kJ m-3, ca. 20 times higher than for neat PNIPAM (3.7 kJ 
m-3). The A-TO-wood/PNIPAM hydrogel showed twice higher radial 
Young’s modulus, 0.83 MPa, compared with TO-wood/PNIPAM. This is 
attributed to higher wood content and possibly stiffening from the 
aggregation of cellulose microfibrils in the cell wall by acidification. 
Fracture of A-TO-wood/PNIPAM however occurred at a much lower strain 
(22%). There was no change in radial tensile strength of A-TO-
wood/PNIPAM hydrogel (157 kPa) since failure in the R direction is mainly 
caused by PNIPAM network fracture between the wood fiber cells. 
Reduced extensibility and unchanged fracture strength resulted in 
decreased toughness of A-TO-wood/PNIPAM to 19.4 kJ m-3. Compared 
with A-TO-wood, TO-wood possesses 3 times higher SBET and mesopore 
volume. The large specific surface area and mesoporosity allows cellulose 
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microfibrils network to form better interpenetration with PNIPAM, as seen 
in Figure 3.21e and 3.21f. This may enable efficient energy dissipation and 
improved toughness.149 
Table 3.8 Young’s modulus (E), tensile strain (e), tensile strength (σ), and tensile toughness 
or work of fracture (W) of TO-wood/PNIPAM, A-TO-wood/PNIPAM and neat PNIPAM 
hydrogels. The values in parentheses are the sample standard deviations. 

 TO-wood/PNIPAM A-TO-wood/PNIPAM 
Neat PNIPAM 

 L direction R direction L direction R direction 

E (MPa) 5.4 (0.8) 0.31 (0.03) 30.1 (6.0) 0.83 (0.12) 0.013 

e (%) 9.6 (3.4)a 70.9 (6.1)b 3.8 (0.6)a 22.2 (4.3)b 85.2 

σ (kPa) 317 (10)c 152 (4)d 845 (98)c 157 (4)d 7.0 

W (kJ m-3) 39.2 (4.4) 57.1 (2.1) 30.0 (4.7) 19.4 (2.7) 3.7 

a yield strain, b fracture strain, c yield strength, d ultimate strength. 

For axial L direction loading (Figure 3.25b), the TO-wood/PNIPAM and A-
TO-wood/PNIPAM hydrogels both showed stress-strain curves with 
yielding, possibly due to cellulose network fracture.150 The A-TO-
wood/PNIPAM was stiffer than the TO-wood/PNIPAM in the L direction, 
but showed a lower yield strain of 3.8% compared to 9.6%. Also, the 
Young’s modulus of A-TO-wood/PNIPAM (30 MPa) was 6 times higher 
than for TO-wood/PNIPAM (5.4 MPa), suggesting effective cell wall 
stiffening by acidification. Thus, the A-TO-wood/PNIPAM has a tensile 
strength of 845 kPa, higher than the maximum stress of TO-
wood/PNIPAM (317 kPa), as the wood content was changed from 2.6 wt.% 
to 3.8 wt.%. The tensile toughness of A-TO-wood/PNIPAM in L direction 
was 30 kJ m-3, lower than 39 kJ m-3 in TO-wood/PNIPAM. The same cell 
wall stiffening mechanism is a likely explanation, since the yield stress 
peak of A-TO-wood/PNIPAM is much sharper than for TO-wood/PNIPAM, 
indicating brittleness.  

3.3.5 Summary 
TEMPO-mediated oxidation improved the mesoporosity of wood and 
enabled the formation of an interpenetrating network between PNIPAM 
and the wood derived cellulose network. Hence strong and thermochromic 
TO-wood/PNIPAM composite hydrogels have been successfully prepared. 
Cell wall mesoporosity and fibrillation of cellulose microfibrils were critical 
for PNIPAM interpenetration to obtain high water content (94.9 wt.%), 
high optical transmittance (85.8%, thickness 2 mm) as well as comparable 
extensibility as neat PNIPAM network. Much enhanced mechanical 
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property was then achieved for TO-wood/PNIPAM composite hydrogel, 
which showed tensile strength, Young’s modulus and toughness of 317 kPa, 
5.4 MPa, and 39 kJ m-3, respectively. 

3.4 Strong aerogel from TO-wood and MOFs for efficient 
CO2 capture (Paper IV) 
CO2 capture technologies are of great importance to mitigate the 
greenhouse gas emission and reduce its environmental impact.151 Recently, 
metal organic frameworks (MOFs)152 have attracted great attention for CO2 
capture application, owing to their favorable large specific surface area and 
tunable micro/mesopore structure. Mechanical integrity and strength are 
essential for practical application of MOFs based solid sorbents to avoid 
pulverization, thus overcome high pressure drop and poor mass transfer.153 
In this section, TO-wood was used as a 3D network of cellulose microfibrils 
to fabricate cellulose/MOFs aerogels to obtain high mechanical properties, 
good thermal stability, and high CO2 adsorption capacity. The carboxyl 
groups in the fibrillated cell wall of TO-wood facilitated interfacial 
coordination to copper (Cu2+), zinc (Zn2+), and aluminum (Al3+) based 
MOFs and promoted their in situ growth, thus increase the loading of 
MOFs. The specific surface area, CO2 adsorption capacities, multicycle 
durability under temperature swing adsorption, and compressive 
mechanical properties of the TO-wood/MOFs aerogels were studied to 
demonstrate their potential application as strong and durable sorbent for 
efficient CO2 capture. 

3.4.1 Synthesis of the TO-wood/MOFs aerogels 
To avoid extensive fibrillation during the washing step and maintain the 
structural integrity of natural wood structure, the TO-wood sample used in 
this section was washed in ethanol/water mixture (1:1, v:v) instead to 
deionized water after the TEMPO-oxidation. The content of carboxyl 
groups in the TO-wood was 0.66 mmol g-1. N2 adsorption/desorption 
isotherms of the TO-wood aerogel dried with supercritical CO2 (Figure 
3.26a) showed a combination of Type II and IV isotherms154 with Type H3 
hysteresis loop and no limiting adsorption at high p/p0 (Figure 3.26b). This 
indicates the presence of both macro- and mesoporous structures with slit-
like pores. SBET of the TO-wood was 172 m2 g-1, about 30% lower than that 
washed with deionized water (249 m2 g-1).155 This is due to the lack of 
extensive washing step with water, which limited the separation of 
individualized cellulose microfibrils and swelling of the cell wall. The cross 
section of TO-wood showed honeycomb-like cellular structure similar to 
native balsa wood, indicating good structural integrity (Figure 3.26c).61 
The hexagonal cells were slightly transformed into round shape due to the 
reduced cell wall rigidity.155 Mesopores (2-50 nm) and macropores (> 50 
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nm) were observed in the cell wall of TO-wood by using FE-SEM (Figure 
3.26d). 

 
Figure 3.26 a) Photograph, b) N2 physisorption isotherms, and FE-SEM images of the c) 
cross section and d) cell wall surface of TO-wood observed in longitudinal section.  

 
Figure 3.27 a) Photograph, b) N2 physisorption isotherms, and FE-SEM images of the c) 
cross section and d) cell wall surface of Cu2+ decorated TO-wood (TO-wood-Cu2+) observed 
in longitudinal section. 

To in situ synthesize MOFs using wood cell wall as the scaffold, TO-wood 
was first ion exchanged with Cu2+ to form TO-wood/Cu2+ complex (TO-
wood-Cu2+) through chelation (Figure 3.27a). The SBET of TO-wood-Cu2+ 
was increased to 197 m2 g-1 with the mesoporous type IV isotherms 
preserved (Figure 3.27b). This is owing to the introduction of multivalent 



RESULTS AND DISCUSSION | 59 
 

 

ions that strengthen the interfibrillar interaction between cellulose 
microfibrils, thus aggregation of cellulose microfibrils and collapse of 
cellulose network during supercritical CO2 drying were minimized. Similar 
effect was also reported for the TO-CNFs network, in which the SBET of TO-
CNFs xerogel increased from 340 to 410 m2 g-1 after crosslinking with 
Al3+.156 The ionic crosslinking of carboxylated cellulose microfibrils in TO-
wood cell wall with divalent Cu2+ has led to well preserved native fibrils 
structure upon supercritical drying. Interconnection of microfibrils 
bundles through thin fibrils was observed from FE-SEM micrograph of the 
cell wall surface (Figure 3.27d).  

 
Figure 3.28 a) Photograph, b) N2 physisorption isotherms, and FE-SEM images of the c) 
cross section and d) cell wall surface of TO-wood/copper benzene-1,3,5-tricarboxylate 
(Cu3(BTC)2) observed in longitudinal section. 

The never-dried TO-wood-Cu2+ sample was further incubated with H3BTC 
at 80 °C overnight and copper benzene-1,3,5-tricarboxylate (Cu3(BTC)2) 
was synthesized in situ inside the TO-wood structure. The resulting TO-
wood/Cu3(BTC)2 composite was washed with methanol and dried with 
supercritical CO2 to obtain TO-wood/Cu3(BTC)2 aerogel with an uniform 
turquoise color intrinsic to Cu3(BTC)2 (Figure 3.28a).157 The loading of 
Cu3(BTC)2 in the composite was 44.1 wt.% as measured by weight 
percentage gain. The N2 adsorption/desorption isotherm of the aerogel 
showed a typical Type I isotherm for microporous solid with small external 
surfaces, which was contributed by the highly microporous Cu3(BTC)2 
(Figure 3.28b).154 A high SBET value of 471 m2 g-1 was obtained for the TO-
wood/Cu3(BTC)2 aerogel. Microstructure analysis revealed that Cu3(BTC)2 
particles were located not only at the lumen surfaces of TO-wood but also 
in the middle lamella region, with homogeneous distribution across the 
cross section (Figure 3.28c). At higher magnification, Cu3(BTC)2 crystals 
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were found to be strongly bound to cellulose microfibrils, indicating 
coordination between cellulose surface carboxyl groups and copper ion in 
the Cu3(BTC)2 MOFs (Figure 3.28d).158 As a comparison, composite aerogel 
was also prepared by using delignified wood as the scaffold and following 
the same procedure. The delignified wood/Cu3(BTC)2 aerogel showed a 
SBET value of 136 m2 g-1, corresponding to the low loading of Cu3(BTC)2 
crystals (12.7 wt.%). 

In addition to Cu2+, the carboxyl groups in the TO-wood can easily chelate 
with a series of multivalent ions including Al3+, Pb2+, Ba2+, Mg2+, Ca2+, Fe3+, 
Zn2+, etc.110, 159-161 Thus, besides Cu3(BTC)2, in situ synthesis of zinc 2-
methylimidazolate (Zn(MeIm)2) and aluminum benzene-1,3,5-
tricarboxylate (AlBTC) in TO-wood was also successfully performed via 
similar procedure using different metal salts and organic ligands. 

3.4.2 Structure of the TO-wood/MOFs aerogels 

 
Figure 3.29 a) FTIR spectra and b) XRD patterns of TO-wood/Cu3(BTC)2, TO-
wood/Zn(MeIm)2, TO-wood/AlBTC and neat TO-wood aerogels.  

The FTIR spectra of TO-wood/Cu3(BTC)2, TO-wood/Zn(MeIm)2, TO-
wood/AlBTC, and neat TO-wood aerogels are compared in Figure 3.29a. 
All TO-wood/MOFs aerogels showed absorption peak of C=O stretching 
vibration mode at 1730 cm-1 originated from the hemicellulose in TO-
wood.155 The band appeared at 1645 cm–1 in all three composite aerogels 
can be attributed to: (1) the asymmetric stretching vibration of carboxylate 
from BTC chelating with Cu2+ and Al3+ or (2) the C=C stretching vibration 
mode of the imidazole ring in Zn(MeIm)2, which was not identified in the 
spectrum of neat TO-wood.162-164 The symmetric vibration peak of carboxyl 
group of TO-wood in carboxylate form shifted from 1605 cm–1 in neat TO-
wood to around 1580 cm–1 in composite aerogels due to its chelating to 
multivalent metal ions.112, 165, 166 In addition, peaks at 729 and 759 cm-1 in 
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all three TO-wood/MOFs aerogels were assigned to the out-of-plane 
bending vibrations of ring structure in either BTC or 2-methylimidazole.163, 

167 Besides, the peak at 1147 cm-1 was attributed to the ring C-N stretching 
that is associated with 2-methylimidazole in Zn(MeIm)2.168 A unique band 
at 770 cm-1 emerged in the IR spectrum of TO-wood/AlBTC was related to 
the formation of Al3+-COO- chelation complex.158, 169 
The successful synthesis of MOFs was also confirmed by X-ray diffraction 
(XRD) analysis (Figure 3.29b). Both neat TO-wood and TO-wood/MOFs 
aerogels showed two broad peaks centered at 2θ = 14.8–16.8° and 22.5°, 
corresponding to the diffraction of ( 1180 ) (110), and (200) planes of 
cellulose I crystals, respectively. In addition, peaks at 2θ = 9.7, 11.9, 13.8, 
17.8 and 19.4° in TO-wood/Cu3(BTC)2 were the characteristic peaks of 
regular (220), (222), (400), (333) and (440) planes of Cu3(BTC)2, 
respectively.112, 170 Peaks at 2θ = 7.2, 13.0, 16.8 and 18.4° that can be 
attributed to (110), (211), (310) and (222) planes of Zn(MeIm)2 were also 
identified, for TO-wood/Zn(MeIm)2.110, 112 The characteristic peaks were 
difficult to be identified except for the weak and broad peak at 2θ = 11.0° 
in TO-wood/AlBTC. This was due to the large structural diversification 
typical for micro-and mesoporous AlBTC, showing as broad and weak 
diffraction pattern for neat AlBTC.111 These results suggested that the 
chelation of carboxyl groups of TO-wood with multivalent ions 
substantially enhanced homogeneous nucleation and in situ growth of 
MOFs inside TO-wood.158 

 
Figure 3.30 FE-SEM images of low (×600) and high (×10k) magnifications showing the 
cellular structure and cell wall corner region in the cross section of a) TO-wood/Cu3(BTC)2, b) 
TO-wood/Zn(MeIm)2 and c) TO-wood/AlBTC aerogels, respectively. The insert photographs 
show the physical appearance of the aerogels. 
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Indeed, all three types of MOFs were homogeneously synthesized inside 
the TO-wood cell wall, leaving the lumina empty for efficient mass 
conduction, as observed from the cross section of the aerogels by FE-SEM 
(Figure 3.30). The major difference was the localization and distribution 
of different MOFs crystals due to their sizes. Crystals of Cu3(BTC)2 and 
Zn(MeIm)2 showed sizes ranging from a few hundred nanometers to ca. 2 
µm. The Cu3(BTC)2 crystals were found in both inner lumen surface and 
intercellular region (middle lamella) (Figure 3.30a). The Zn(MeIm)2 
crystals were embedded partially in the inner lumen cell wall (Figure 
3.30b). On the other hand, the AlBTC crystals were much smaller (50–100 
nm) and mainly in the form of agglomerated conformation (Figure 3.30c). 
The TO-wood cell wall was monolithically and homogeneously covered 
with nanoscale AlBTC crystals. 

 
Figure 3.31 FE-SEM images of low (×600) and high (×10k) magnifications showing the cell 
wall surfaces observed in longitudinal sections of a) TO-wood/Cu3(BTC)2, b) TO-
wood/Zn(MeIm)2 and c) TO-wood/AlBTC aerogels, respectively. 

The distribution of MOFs within the wood structure was further 
characterized on interior surfaces of aerogels parallel to the fiber direction. 
The samples were peeled to expose the cell wall surface of the fiber cells 
inside the aerogels and observed by FE-SEM (Figure 3.31). The 
Cu3(BTC)2 crystals were attached on the entire surface of fiber cells of TO-
wood (Figure 3.31a), while the distribution of Zn(MeIm)2 crystals was 
rather heterogeneous and scattered along the fiber cell surface with large 
cell wall surface areas exposed (Figure 3.31b). AlBTC nanocrystals with size 
below 100 nm were embedded in the cellulose microfibrils network (Figure 
3.31c). The reason for high loading of Cu3(BTC)2 and AlBTC in TO-wood 
can be attributed to the higher affinity of Al3+ and Cu2+ to the C6 carboxyl 
groups of TO-CNFs compared to Zn2+.160, 171 Therefore more metal ions 
were absorbed and served as nucleation sites for the synthesis of MOFs. 



RESULTS AND DISCUSSION | 63 
 

 

Similar to Cu3(BTC)2, the loading of AlBTC crystals in the aerogel was 
remarkably high (48.8 wt.%), while the loading of Zn(MeIm)2 was lower 
(9.3 wt.%). TO-wood/Zn(MeIm)2 and TO-wood/AlBTC aerogels showed 
also enhanced BET surface areas of 92, and 361 m2 g-1 as compared to 37 
and 38 m2 g-1 for delignified wood/Zn(MeIm)2 and delignified 
wood/AlBTC. The much higher loading of MOFs and large surface area 
thus can endow TO-wood/MOFs aerogels with competitive CO2 adsorption 
performance.  

3.4.3 CO2 adsorption/desorption performance 

 
Figure 3.32 a) CO2 adsorption/desorption isotherms of neat MOFs, neat TO-wood, and 
various TO-wood/MOFs aerogels b) Temperature swing cyclic CO2 adsorption/desorption 
isotherms of TO-wood/Cu3(BTC)2 aerogel (adsorption under CO2 at 25 °C and desorption 
under N2 at 105 °C). 

Neat Cu3(BTC)2 MOFs exhibited the highest CO2 adsorption capacity of 
2.49 mmol g-1, which is equivalent to 11.0 wt.% CO2 uptake (Figure 3.32a). 
This is consistent with previously reported result that the maximum CO2 
adsorption to Cu3(BTC)2 at 295 K and 0.1 MPa was 2.46 mmol g-1 through 
physical trapping of CO2 molecules.172 Neat TO-wood also showed a CO2 
adsorption capacity of 0.2 mmol/g which was caused by the binding of CO2 
to carboxyl group through dipolar interaction.173 As a result of in situ 
growth of MOFs inside TO-wood, the TO-wood/Cu3(BTC)2 aerogel showed 
high CO2 adsorption capacity of 1.46 mmol g-1. Cu3(BTC)2 contains 
coordinatively unsaturated metal sites for CO2 adsorption which is great 
beneficial when used for cyclic CO2 adsorption.174 This enables Cu3(BTC)2 
to be favorable MOFs materials for CO2 capture and storage. On the 
contrary, the CO2 adsorption capacities of neat Zn(MeIm)2 and AlBTC at 
25 °C, atmospheric pressure were 0.30 and 0.87 mmol g-1, about 8 and 3 
times lower than neat Cu3(BTC)2. These results were in line with the 
literature result where Zeolitic imidazolate framework-8 (ZIF-8) showed 
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CO2 capacity around 0.4 mmol g-1 at 25 °C and 1 bar.175 Therefore, the TO-
wood/Zn(MeIm)2 and To-wood/AlBTC aerogels showed lower CO2 
adsorption capacity of 0.25 and 0.43 mmol g-1, respectively.  
At ambient condition, the CO2 adsorption capacity of TO-wood/Cu3(BTC)2 
in this work is superior to the wood or cellulose-based CO2 sorbents loaded 
with polyethyleneimine (PEI)106, acetylated CNCs176 and zeolite177, and is 
comparable to the 3-aminopropyltriethoxysilane grafted TO-CNFs/silica 
aerogels.178 Although TO-CNFs/PEI foam showed a high CO2 adsorption 
capacity of 2.22 mmol g-1 at 80% RH, contribution from water is negligible. 
The same material tested at a lower humidity of 20% RH showed only one 
fourth of its maximum capacity.179 Moreover, CO2 sorption sites, primarily 
amine groups, in amine-grafted sorbents are often gradually deactivated 
after cyclic regeneration process, i.e. thermal driven desorption at higher 
temperature.179-181 As a consequence, the maximum CO2 capacity of TO-
CNFs/PEI foam decreased 27% after 5 cycles of adsorption and desorption 
at 25 °C and 85 °C.179 7% capacity loss after 10 cycles were also reported on 
PEI crosslinked cellulose triacetate aerogel when desorption was 
conducted at 105 °C.182 MOFs are generally thought as thermal stable with 
thermal decomposition temperatures higher than 300 °C.183 In cyclic test, 
the CO2 adsorption capacity of TO-wood/Cu3(BTC)2 during the first cycle 
was 1.46 mmol g-1. After six cycles of adsorption/desorption at 25 °C and 
105 °C, 1.47 mmol g-1 CO2 capacity was measured (Figure 3.32b), 
demonstrating excellent thermal stability and multicycle durability. 

3.4.4 Compressive mechanical properties 
Typical compressive stress-strain curves of the TO-wood/Cu3(BTC)2 and 
TO-wood aerogels are shown in Figure 3.33. The TO-wood/Cu3(BTC)2 
and TO-wood aerogels had low densities of 107.4 ± 5.5 kg m-3 and 61.1 ± 
4.3 kg m-3, respectively. When the loading was parallel to the fiber axial 
(longitudinal) direction, both TO-wood/Cu3(BTC)2 and TO-wood aerogels 
showed initial linear elastic deformation with rapid increase of 
compressive stress at compressive strain lower than 2% (Figure 3.33a). 
After the yielding point, both aerogels showed plastic deformation plateaus 
at moderate strain before entering a final densification phase during which 
the stress increased exponentially. The deformability of TO-
wood/Cu3(BTC)2 was considerably better than inorganic monolithic 
sorbents since no catastrophic failure of materials was observed, 
demonstrating good mechanical integrity. Compared to neat TO-wood, the 
elastic modulus of TO-wood/Cu3(BTC)2 aerogel was increased from 125.4 
± 26.2 MPa to 326.2 ± 7.5 MPa, indicating positive effect of ionic 
crosslinking by Cu2+ on the stiffness of the TO-wood. The yield strain of 
TO-wood/Cu3(BTC)2 aerogel was about 3.5%, higher than 2.2% for TO-
wood, which is owing to the enhanced energy dissipation with the addition 
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of MOFs. The compressive yield strength of TO-wood/Cu3(BTC)2 aerogel 
was 7.3 ± 0.1 MPa, 3 times higher than the neat TO-wood (2.4 ± 0.4 MPa). 
This is due to (1) the crosslinking effect of Cu2+ which led to improved 
resistance to yielding of TO-wood/Cu3(BTC)2 aerogel, and (2) the 
reinforcing effect of MOFs on TO-wood/Cu3(BTC)2 aerogel through strong 
interfacial interaction with TO-wood cell wall, which was also reported for 
ZIF-8 reinforced wood composite112. 

 
Figure 3.33 Typical compressive stress-strain curves of the TO-wood/Cu3(BTC)2 and TO-
wood aerogels with loading a) parallel to the fiber axial direction, i.e. longitudinal direction and 
b) perpendicular to the fiber axial direction, i.e. transverse direction. The insets are the 
corresponding stress-strain curves in strain range of 0–10%. 

Due to the inherent anisotropy of wood, TO-wood/Cu3(BTC)2 showed 
different deformation behavior in the transverse direction (Figure 3.33b). 
Both TO-wood/Cu3(BTC)2 and TO-wood aerogels showed good 
compressibility. The TO-wood/Cu3(BTC)2 aerogel showed short linear 
elastic region up to a compressive strain of 5%, followed by a stress plateau 
in range of 5–60% compressive strain, in which the cell wall was collapsed 
gradually.184 Thereafter, a rapid densification region appeared, indicating 
the elimination of cell wall porosity. Similar compressive stress–strain 
behavior was also reported for ultralight TO-CNF/MIL-53 aerogel.158 The 
elastic modulus and yield strength of the TO-wood/Cu3(BTC)2 aerogel were 
3.5 ± 0.4 MPa and 0.20 ± 0.04 MPa, respectively, which are still 
considerably strong. As a comparison, the neat TO-wood aerogel barely 
showed yielding phenomenon and was gradually densified as the 
compressive strain increased to 90%, with a 10 times lower elastic modulus 
recorded at 0.36 ± 0.05 MPa. 
The mechanical properties of TO-wood/Cu3(BTC)2 aerogel were 
exceptionally strong as compared with various monolithic CO2 sorbents. 
Although the compressive elastic modulus and yield strength of TO-
wood/Cu3(BTC)2 aerogel in axial direction were ca. 40% of those for 
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delignified wood/PEI composite,106 the density of TO-wood/Cu3(BTC)2 
was only 30% of that for delignified wood/PEI (343.6 ± 15.3 kg m-3). The 
specific elastic modulus (3034 kNm kg-1) and specific yield strength (68 
kNm kg-1) of TO-wood/Cu3(BTC)2 in axial direction were remarkably high. 
These values were also higher than those for cellulose-based CO2 sorbents 
such as 3-aminopropyltriethoxysilane grafted TO-CNFs/silica aerogel178, 
anisotropic CNFs aerogel impregnated with acetylated CNC176 and 
anisotropic foam of TO-CNFs/gelatin/zeolite.177 Moreover, in comparison 
to MOFs loaded monolithic CO2 sorbents, the TO-wood/Cu3(BTC)2 aerogel 
was two magnitude stronger than graphene/ZIF-8 aerogel185 and 3D 
printed MOFs/clay/PVA monoliths186, suggesting TO-wood as a much 
more robust scaffold for structuring MOFs into monolith than using 
inorganic substrate or polymer based binders.  

3.4.5 Summary 
The surface carboxyl group in TO-wood facilitated interfacial coordination 
of multivalent metal ions and subsequent MOFs nucleation and growth in 
the cell wall of TO-wood. TO-wood/MOFs aerogel was thus obtained with 
high loading (44.1 wt.%) and large BET surface area up to 471 m2 g-1 when 
copper-based MOFs Cu3(BTC)2 was synthesized in situ, which enabled TO-
wood/Cu3(BTC)2 aerogel with a high CO2 adsorption capacity up to 1.46 
mmol g-1 at 25 °C and atmospheric pressure, and good multicycle durability. 
Moreover, the TO-wood/Cu3(BTC)2 aerogel was exceptionally strong in the 
longitudinal direction with remarkably high specific elastic modulus of 
3034 kNm kg-1 and high specific yield strength of 68 kNm kg-1 ever reported 
for solid CO2 sorbents.  

3.5. Softwood derived functional cellulose scaffold 
towards biomacromolecule immobilization (Paper V) 
The first four sections in this chapter mainly focused on preparation of 
nanostructured wood from hardwood. Compared to hardwoods, softwoods 
have a rather homogenous cellular structure with uniform wood cells 
which are ideal as solid support for functional biomolecules. However, the 
preservation of its cellular structure during delignification process remains 
challenging, due to lack of intercellular adhesion.48, 70 In this section, a 
strategy combining alkaline treatment, chemical crosslinking and 
delignification is employed for the fabrication of nanostructured spruce 
that preserve the natural cellular structure of softwood. Further 
functionalization of the nanostructured spruce is explored by grafting 
reactive handle primary amine groups which enables covalent 
immobilization of lectin protein Con A, demonstrating its potential as 
scaffold for protein immobilization for various bio-functionalities.  
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3.5.1 Preparation and structure of spruce derived cellulose scaffold 

 
Figure 3.34 Color changes of spruce wood during (a) alkaline treatment and (b) weight loss 
of spruce wood during the alkaline treatment.  

During the alkaline treatment, the spruce chips exhibited a typical alkaline 
darkening phenomenon (Figure 3.34a), due to the formation of 
coniferaldehyde, ortho-quinones and other conjugated chemical 
structures.50 After 3 hours of alkaline treatment, a maximum weight loss of 
ca. 20 wt.% was achieved (Figure 3.34b). The glucomannan content was 
significantly reduced from 16.7% to 5.4%, while the xylan content was 
reduced from 7.0% to 5.9% (Table 3.9). The partial removal of 
glucomannan was also confirmed by FTIR (Figure 3.35). The 
characteristic peak of carbonyl groups at 1730 cm–1 disappeared due to 
deacetylation of O-acetyl-galactoglucomannan.187 Due to the association of 
lignin with hemicellulose through lignin-carbohydrate linkages,24 the 
removal of glucomannan and xylan also resulted in a decrease in lignin 
content by 7%. 

Figure 3.35 FTIR spectra of various spruce samples in range of 4000–2600 and 1800–600 
cm-1. 
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Table 3.9 Chemical compositions of various spruce samples. 

Sample Lignin 
(wt.%) 

Cellulose 
(wt.%) 

Glucomannan 
(wt.%) 

Xylan 
(wt.%) 

Native spruce 33.8 (0.8) 42.5 (0.2) 16.7 (0.2) 7.0 (0.1) 

Alkali-extracted 26.8 (0.4) 41.9 (1.0) 5.4 (0.2) 5.9 (0.1) 

BDDE & delignified 0.4 (0.2) 41.2 (0.5) 5.2 (0.2) 4.4 (0.2) 

PEGDGE & delignified 1.3 (0.4) 41.9 (1.1) 5.0 (0.2) 3.7 (0.6) 

standard deviations are reported in parentheses 

 
Figure 3.36 FE-SEM images of the cross sections, and corresponding higher magnifications 
showing the CW, CC, and ML, and longitudinal sections showing the tracheid lumen surfaces 
of a,b,c) native spruce, d,e,f,) alkali-extracted spruce, and g,h,i) delignified BDDE crosslinked 
spruce, respectively. 

The CW, ML, and CC structures of the alkali-extracted spruce sample were 
characterized by SEM. In the native spruce, the adjacent tracheids were 
tightly bonded together (Figure 3.36a). The CW, ML and CC regions 
observed on cross section (Figure 3.36b) and the cell lumen surface (Figure 
3.36c) were smooth and dense. After the alkaline treatment, the adjacent 
tracheids were still tightly bonded (Figure 3.36d), and a large number of 
small voids were observed in the CW, CC and ML regions (Figure 3.36e). 
The removal of glucomannan led to the exposure of the microfibril bundles 
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as observed on the lumen surface (Figure 3.36f). The alkaline treatment 
also generated pores with a double convex lens shape which could 
substantially ease the penetration of chemicals into the cell wall for the 
subsequent modification.  

 
Figure 3.37 a) N2 adsorption/desorption isotherms (solid marker: adsorption; open marker: 
desorption), and b) pore size distributions derived from N2 adsorption isotherm using the 
method of density functional theory. Samples were dried by supercritical CO2 drying before 
measurement. 

Table 3.10 The specific surface area and pore parameters of the native, alkali-extracted, and 
delignified BDDE-crosslinked spruce. 

Sample SBET (m2 g-1) Vtotal  (cm3 g-1) Vmeso (cm3 g-1) 

Native spruce 0.3 0.00089 0.0005 

Alkali-extracted 88 0.096 0.08 

BDDE & delignified 219 0.43 0.40 

 
The mesoporous feature of the alkali-extracted spruce sample was 
confirmed from an enlarged hysteresis loop in the N2 
adsorption/desorption isotherms (Figure 3.37a). The pore size 
distribution obtained by fitting the N2 adsorption isotherm using the 
density function theory showed a significant increase of pore volume in the 
mesopore range of 2–10 nm (Figure 3.37b). The mesopore volume of the 
native spruce was 0.0005 cm3 g-1, which increased to 0.08 cm3 g-1 after the 
alkaline treatment (Table 3.10). Correspondingly, the SBET of the alkali-
extracted spruce was significantly increased to 88 m2 g-1, as compared to 
0.3 m2 g-1 for the native spruce. 
In order to improve the adhesion between the softwood tracheids and 
increase their resistance to disintegration during the lignin removal 
process, two linear homobifunctional crosslinking reagent, BDDE and 
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PEGDGE were used to crosslink the wood cell wall polymers after the 
alkaline treatment. BDDE has been used for crosslinking of the surface 
hydroxyl groups of polysaccharides.188, 189 PEGDGE with an average Mn of 
500 has been reported to be able to crosslink the phenolic groups in lignin 
and produce gels with higher water retention.190-192 FTIR analysis of the 
crosslinked spruce samples showed an increase in the absorption bands at 
2917 cm-1 and 2870 cm-1, which were attributed to the asymmetric and 
symmetric vibrations of CH2 derived from BDDE and PEGDGE, indicating 
the successful crosslinking (Figure 3.35). 

 
Figure 3.38 a) lignin removal process. The red circle highlights the spruce wood without 
crosslinking that fell into pieces after delignification. b) Changes in the lignin content in the 
BDDE and PEGDGE crosslinked spruce wood and the control wood without crosslinking 
during delignification process. 

After 10 h of delignification, the uncrosslinked control alkali-extracted 
spruce sample had a residue lignin content of 1% and the sample fell apart 
into several pieces, while the BDDE-crosslinked spruce sample had a 
residual lignin content of 0.4% and the sample was mechanically robust 
(Figure 3.38a and 3.38b). Much longer delignification time (20 h) was 
required for the PEGDGE crosslinked sample and the final lignin residue 
content was 1.3%. This result indicates that PEGDGE was preferable for 
the crosslinking of lignin while BDDE was better penetrated into the 
cellulose and hemicellulose network to create crosslinks between 
polysaccharides owing to its lower molar mass. Further FE-SEM analysis 
of the BDDE crosslinked sample revealed that there was a strong adhesion 
between tracheids both within EW and LW regions and at their boundaries, 
and the adjacent tracheids were tightly bonded through cellulose 
microfibrils in ML and CC after lignin removal (Figure 3.39). As a result, 
the structural integrity of the BDDE crosslinked spruce was well preserved 
even under magnetic stirring or orbital shaking, and the sample appeared 
white (Figure 3.38a). Similar results were founded for the PEGDGE 
crosslinked sample expect for longer delignification time and slightly high 
residue lignin content. 
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Figure 3.39 FE-SEM micrographs of delignified BDDE-crosslinked spruce tracheids at a 
transition region between a) EW and LW regions, showing strong adhesion between tracheids 
in b) middle lamella region. 

Successful removal of lignin was also confirmed by FTIR analysis. The 
lignin characteristic peaks including conjugated C–O at 1658 cm-1, skeletal 
vibration of aromatic ring at 1509 cm-1, and C–O stretching of lignin 
guaiacyl unit at 1270 cm-1 were diminished after delignification (Figure 
3.35).36 The removal of lignin also resulted in stronger absorption at 3336 
cm-1, which was attributed to increased amount of hydroxyl groups due to 
increased relative content of polysaccharides (Table 3.9). The 
characteristic peak at 1730 cm-1 corresponding to carbonyl groups was 
observed after delignification, which was possibly a result of oxidative 
degradation of lignin, observed before during an extended sodium chlorite 
delignification process.193  
The removal of lignin in the BDDE-crosslinked spruce generated even 
larger pores compared to the alkali-extracted sample (Figure 3.36). These 
pores had slit-like structures deriving from the native bilayer organization 
of lignin and cellulose microfibrils in the cell wall.194 The slit-like pores 
were observed both in the lumen surfaces (Figure 3.36i), and inside the 
secondary cell wall (Figure 3.36h). These microstructure observations 
were confirmed by pore size distribution derived from the N2 adsorption 
isotherm (Figure 3.37b). The volume of pores in the range of 2–10 nm was 
significantly increase and a large volume of mesopores in the range of 10–
50 nm was generated as compared to the alkali-extracted sample. Thus, the 
total mesopore volume after the delignification showed a remarkable 
increase from 0.08 cm3 g-1 to 0.4 cm3 g-1 (Table 3.10). The highly 
mesoporous structure of the crosslinked, delignified spruce resulted in a 
SBET of 219 m2 g-1, more than six times higher than that of the delignified 
balsa wood (36 m2 g-1).  

3.5.2 Amination of spruce derived cellulose scaffold and 
immobilization of Con A 
The delignified, BDDE-crosslinked spruce was used as a scaffold for 
further immobilization of biomolecules. Epichlorohydrin was used to react 
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with the surface hydroxyls under alkaline condition to graft epoxide groups. 
Pentaethylenehexamine with a spacer arm was then reacted with the 
epoxide groups to introduce the primary amine group, and the successful 
grafting was confirmed by FTIR. The FTIR spectrum showed a broad and 
intense peak of symmetric N-H stretching band around 1600 cm-1 (Figure 
3.40), which was attributed to the primary amines. The amount of the 
reactive amine groups grafted on the wood scaffold were quantified by 
FITC. The amount of the reactive amine groups was 0.62 µmol g-1 which is 
corresponding to ca. 1 reactive amine moiety per 690 square nanometers 
inside the wood cell wall providing an SBET of 219 m2 g-1. 

 
Figure 3.40 FTIR spectra of the delignified spruce before and after amination. 

The amine-grafted spruce cellulose scaffold was used as a solid support for 
immobilization of a lectin protein Con A, a natural affinity-tag for 
purification of mannose-containing biomolecules.195, 196 Con A was 
covalently conjugated to the scaffold by a glutaraldehyde-mediated imine 
bond through the prior grafted primary amine groups in order to avoid 
biomolecule leaching.197 The spruce cellulose scaffold laden with primary 
amine groups was first reacted with glutaraldehyde, and then incubated 
with various loading amounts of Con A (Figure 3.41a). The concentration 
of the Con A in the impregnation solution before and after the reaction was 
quantified by using the Bradford method (Figure 3.41b). The maximum 
loading capacity of the spruce cellulose scaffold was determined to be 2.7 
± 0.3 mg of immobilized Con A per g of spruce. This result indicated that 
most of the immobilized Con A molecules were located inside the 
mesopores generated by alkaline extraction and delignification, as the 
amount of protein needed to form a single layer covering the lumen surface 
was 0.33 mg g-1. This value was estimated from the hydrodynamic diameter 
of Con A (12 nm)198 and the lumen surface area of the spruce cellulose 
scaffold (0.11 m2 g-1), which was calculated from the cell and lumen 
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dimensions of earlywood and latewood in spruce wood199 and the 
measured density (0.36 g cm-3) of the spruce cellulose scaffold. The herein 
immobilized amount of Con A was 5 times higher than that of the enzymes 
immobilized on the poplar hardwood via a gold nanoparticle-mediated 
protein adsorption method (0.56 mg g-1)200, owing to the high 
mesoporosity of the spruce cellulose scaffold that allows the penetration of 
biomolecules inside the cell walls. 

 
Figure 3.41 a) Standard curve prepared from a protein standard (BSA) for concanavalin A 
quantification. The values represent the average of three replicates. b) The change in the 
amount of immobilized concanavalin A on the spruce wood scaffold achieved by using 
different initial loading. The values correspond to 1 g of the scaffold mass. Confocal images 
of c) longitudinal and d) tangential sections of Con A immobilized spruce wood cell wall after 
capturing the Texas Red conjugated ovalbumin, scale bars=50 µm. 

The Con A immobilized spruce cellulose scaffold was incubated with Texas 
Red conjugated ovalbumin followed by thorough washing to remove any 
unbound ovalbumin, using the aminated spruce cellulose scaffold as the 
control. The sample was sectioned by using a microtome blade and 
analyzed by confocal laser scanning microscopy (Figure 3.41c and 3.41d). 
In the longitudinal section, Con A was successfully immobilized 
throughout the lumen surface of the tracheids. In the cross section, Con A 
was indeed localized both on the lumen surfaces and inside the porous cell 
wall, as revealed from the amount of immobilized protein. The mesopores 
generated by delignification, with widths ranging from 10 to 50 nm, were 
large enough to accommodate Con A with a hydrodynamic diameter of 12 
nm198 inside the wood cell wall. 
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3.5.3 Summary 
A highly mesoporous cellulose scaffold retained the native cellular 
structure of spruce softwood was successfully prepared. A low lignin 
content of 0.4% and a high specific surface area of 219 m2 g-1 were achieved. 
The key step for preparation of the scaffold was BDDE crosslinking of the 
cell wall polysaccharides, which improved the adhesion of tracheids in both 
early- and latewood regions, thus preventing their disintegration during 
NaClO2 delignification. Successful crosslinking was also achieved by using 
PEGDGE, but the delignification efficiency was significantly reduced. 
When the crosslinker was not used, the spruce was shown to lose its 
structural integrity during delignification and could not be used as a 
scaffold.  
Further amination of the delignified spruce was successfully achieved by 
using pentaethylenehexamine which enabled the covalent immobilization 
of Con A onto spruce derived cellulose scaffold for potential application in 
bioseparation. The immobilized proteins were located not only on the 
lumen surfaces but also inside the cell wall, benefitting from a large volume 
of mesopores (0.4 cm3 g-1) in the range of 10 to 50 nm in the cell wall that 
were generated by the alkaline and delignification treatments.  
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4. Conclusions 
 
In summary, the preparation and chemical modification of nanostructured 
wood through primarily delignification and TEMPO-mediated oxidation 
have been developed and optimized. The application of delignified wood 
and TEMPO-oxidized wood in making functional biocomposites were 
explored. In addition, a crosslinking-delignification process was developed 
for preparing nanostructured wood from softwood, which enabled further 
amination and immobilization of biomolecules.  
Nanostructured delignified wood in wet state appeared to be highly 
hydrated and highly stiff with honeycomb-like structure. The introduction 
of delignified wood into gelatin network effectively enhanced the strength 
(689.3 kPa) and stiffness (11.8 MPa) of gelatin hydrogel. The density of 
gelatin network increased as increasing crosslinking density, which 
contributed to the energy dissipation during compressive deformation and 
improved the resistance of composite hydrogel to yield. The cellular 
structure of delignified wood strongly limited the swelling of gelatin 
network within lumen upon rehydration (equilibrium water uptake: 
408%), due to structural confinement and the strong interaction between 
delignified wood and gelatin. Nanostructured wood was shown as an 
excellent candidate in preparation of high-performance composite 
hydrogels. 
Chemical modification of nanostructured wood was achieved by TEMPO-
mediated oxidation in a neutral system. Carboxyl groups were introduced 
to cellulose microfibrils and cell wall fibrillation was induced, resulting in 
cellulose network with high mesoporosity and natively aligned cellulose 
microfibrils. The nanostructural control of TO-wood was achieved by 
employing different drying methods and by introduction of different 
counterions. The unique features of TO-wood were explored for advanced 
materials design: 1) The fibrillation of cell wall and the preservation of 
cellular structure enabled self-densification of TO-wood into dense (1.32 g 
cm-3) transparent film driven by elastocapillary force generated during 
evaporation-driven air drying. 2) The large specific surface area (249 m2 g-

1) mesoporosity (0.78 cm3 g-1) and fibrillated cell wall of TO-wood also 
allowed the interpenetration of PNIPAM network with wood cell wall, 
result in much higher optical transmittance (85.8%, thickness: 2 mm) and
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 tensile toughness (57 kJ m-3) of TO-wood/PNIPAM hydrogel as compared 
to neat PNIPAM and composite hydrogels with aggregated wood cell wall. 
3) The high content of surface carboxyl groups (0.78 mmol g-1) in TO-wood 
addressed the interfacial coordination of MOFs to wood cell wall and 
significantly increased the loading of MOFs in wood structure, therefore 
aerogels combining the versatile functionalities of MOFs and mechanical 
robustness of wood were fabricated, with high CO2 absorption capacity of 
1.46 mmol g-1, and high specific elastic modulus of 3034 kNm kg-1 and 
specific yield strength of 68 kNm kg-1 along the longitudinal direction. 4) 
The native alignment of cellulose microfibrils was preserved after TEMPO-
oxidation which enabled TO-wood based composites with pronounced 
strength and stiffness along the longitudinal direction. e.g.: self-densified 
film showed tensile strength of 449 MPa and Young’s modulus of 51 GPa. 
The highly aligned cellulose microfibrils also lead to anisotropic optical 
properties for TO-wood based films and hydrogels, which is important 
functionality in application for optical purposes.  
The BDDE crosslinking assisted with alkaline treatment enhanced the 
intercellular adhesion between tracheids, thus the disintegration of 
softwood spruce during delignification process was avoided. The 
crosslinking of polysaccharides network allowed the nearly complete 
removal of lignin (residue content: 0.4%) and resulted in nanostructured 
spruce with high specific surface area (219 m2 g-1) and large mesoporosity 
(0.4 cm3 g-1). The spruce derived cellulose scaffold with uniform cellular 
structure and large mesoporosity was successfully grafted with primary 
amine groups which enabled Con A immobilization onto lumen surface and 
into cell wall. The protein immobilized cellulose scaffold opens up 
possibilities for wood structure to be used for biodiagnostic, biocatalytic, 
and bioseparation.  
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5. Future work and outlooks 
 
Nanostructured wood features nanoporous cell wall, selectively tailored 
cell wall matrix composition and natively aligned cellulose microfibrils, 
which opens up new opportunities for chemical wood modification and 
nanomaterials preparation. The chemical modification approaches 
explored in this thesis work endow nanostructured wood with highly 
mesoporous structure, surface functional groups, e.g. carboxyls and 
primary amines and fibrillated cellulose microfibrils maintaining their 
native alignment. Therefore, the chemically modified nanostructured 
wood possess great potential for preparing multifunctional materials with 
the interests from where mechanical robustness and structural hierarchy 
are needed. We have demonstrated its potential in fabricating films, 
aerogels, hydrogels, protein binding scaffold and more new functional 
materials are expected to be developed. 

The versatility of TO-wood process on various wood species should be 
investigated to enrich our toolbox, thus obtaining TO-wood with different 
volume fraction of cellulose. One should note that the carboxyl content of 
TO-CNFs can reach up to 1.7 mmol g-1. The crosslinking strategy for 
producing spruce scaffold has great potential to be used in combination 
with TEMPO-oxidation to obtain content higher than what we have 
achieved on delignified balsa wood. Hence softwood scaffold with both 
uniform structure and surface functional group may be developed. 
One challenge for the practical application of TO-wood is scalability. More 
detail investigation on the fabrication process is needed. Recent advances 
in TO-CNFs xerogels also sheds light on this issue. Processing TO-wood 
into xerogel which retains fibrillated cellulose microfibrils in the cell wall 
as well as structure integrity may facilitate the transportation of TO-wood 
and the production of TO-wood with large dimension, which can be 
potential candidate for large scale transparent wood fabrication. 

The successfully grafted primary amine functional groups allows diverse 
proteins to be immobilized onto spruce derived cellulose scaffold, which 
may potentially be used for bioseparation, biocatalytic, biodiagnostic, etc. 
In-depth investigation on exploring its application is also needed.  
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