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Introduction

Lignin valorization: importance and challenges

Synthetic polymers derived from non-renewable petroleum resources have 
caused serious environmental pollution in air, land, and water, which is one of 
the greatest challenges we are facing in the 21st century. To overcome such a 
challenge and make Earth a more sustainable place requires us to change the 
way we live. With this regard, 41 major industrial nations have set the goal of 
developing and expanding their bioeconomy, aiming at a stronger, circular and 
low-carbon economy (Dietz et al., 2018). The main goals of bioeconomy are 1) 
fossil fuel substitution, 2) boosting primary sector productivity, 3) new & more 
efficient biomass uses and 4) low-bulk & high-value applications. Under this 
scope, studies on materials based on renewable and biodegradable biomass 
have boosted in recent years.

Lignin, as the second most abundant polymer and the major aromatic polymer 
synthesized by nature, has remained as an untapped biomass due to its struc-
tural complexity and heterogeneity, resulting mainly from the different plant 
sources and isolation methods (Ragauskas et al., 2014; Li et al., 2015; Kai et al., 
2016). Approximately 100 million tons/year of lignins are produced worldwide, 
of which less than 2% is commercialized and the rest has been predominately 
burned as low-value fuel for electricity and heat (Bajwa et al., 2019). Burning of 
lignin, on the other hand, causes premature carbon dioxide emission. From ma-
terials perspectives, lignin is a low-cost, renewable, and biodegradable material, 
which could replace partially petroleum-based plastics that have caused severe 
environmental problems such as microplastic pollution. Additionally, lignin has 
antioxidant, anti-UV, and antimicrobial properties, which can be utilized for ap-
plications in the fields of, for example, packaging, coatings, adhesives, biomed-
icine etc. (Kai et al., 2016; Bajwa et al., 2019). Hence, converting lignin into 
value-added or high-value materials is an important step to reduce dependency 
on petroleum and preserve carbon in solid form that meet the goals of bioecon-
omy. 

Different strategies have been approached to valorize lignin, among which 
fabrication of lignin into nanomaterials has been emerging in the recent years 
(Figueiredo et al., 2018; Sipponen et al., 2019). Lignin-based nanomaterials, 
mainly lignin nanoparticles (LNPs, also called colloidal lignin particles), have 
several advantages over the raw lignin such as their higher surface area per mass 
unit, well-defined spherical shape, tunable surface charge, as well as colloidal 
stability in aqueous media (pH 3 to 11) (Österberg et al., 2020). As a result, LNPs 
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have been demonstrated in numerous studies for applications such as biomed-
icine (Richter et al., 2015; Chen et al., 2016; Figueiredo et al., 2017; Sipponen et 
al., 2018b), biocatalysis (Sipponen et al., 2018a), and Pickering emulsions with 
hydrocarbon-based oil phase (Wei et al., 2012; Ago et al., 2016; Sipponen et al., 
2017).

Despite the various application demonstrations of LNPs, less attention has 
been given to the fundamental understanding of the solvent effects on the in-
trinsic properties of LNPs prepared from nanoprecipitation, which is important 
for design of LNPs with optimum performance in applications. Besides, when 
this thesis started, the value-added applications of LNPs had not been much 
studied. One of the challenges underlying is the requirement of modifications of 
LNPs. For instance, LNPs are not surface active enough to form Pickering emul-
sions with vegetable oils that could be potentially used for biomedicine, cosmet-
ics, or food. Another drawback of LNPs is their dissolution at strongly alkaline 
conditions (pH > 11) or in common organic solvents, which prevents applica-
tions and/or processing of LNPs requiring maintaining particle morphology un-
der harsh conditions. To address this issue, Nypelö et al. (2015) adapted water-
in-oil microemulsion template to form internally cross-linked LNPs that were 
resistant to dissolution at pH 13. Mattinen et al. (2018) employed fungal lac-
cases to stabilize LNPs via enzyme-catalyzed oxidative radical reaction and ob-
tained tetrahydrofuran-stable LNPs. However, the applicability of these ap-
proaches is limited by the complex preparation steps and/or low yields of the 
modified LNPs. 

Objectives of the thesis

The overall objectives of the thesis span from the fundamental understanding 
of the solvent effects on the intrinsic properties of LNPs, to the various modifi-
cations of LNPs for expanding the application window of LNPs. In detail, the 
objectives are divided into following subgoals that correspond to Paper I to V:

Fundamental understanding of the solvent effects on the intrinsic 
properties of LNPs (Paper I and II).
Exploration of the potential synergistic effect of the cationic lignin-
coated LNPs and CNFs on the properties of the nanocomposite films 
prepared from the two renewable polymers (Paper III).
Systematic study on the coating of LNPs by chitosan for the stabiliza-
tion of olive oil and demonstration of the Pickering emulsion for drug 
encapsulation and release (Paper IV).
Development of solvent-resistant lignin-epoxy hybrid nanoparticles 
for surface functionalization of the particles under harsh conditions 
and for use as particulate adhesives (Paper V).
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Background

2.1. Lignin occurrence and functions in plants

Lignin is one major component that together with cellulose and hemicellulose 
constitute the cell walls of vascular plants, and accounts for about 30% of the 
organic carbon in the biosphere (Donaldson, 2001; Boerjan et al., 2003). De-
pending on the plant species, lignin comprises of 15-30% of dry biomass, 
whereas cellulose and hemicellulose account for 30-50% and 20-35%, respec-
tively (Upton and Kasko, 2016). In the cell wall, lignin concentration is higher 
in the middle lamella and cell corners than in the secondary wall (Figure 1), 
presumably because lignification is initiated there (Donaldson, 2001; Boerjan 
et al., 2003). However, the largest proportion of lignin locates in the secondary 
wall due to its higher occupation of the plant cell wall. 

Figure 1. Schematic depiction of tracheid cell wall structure in black spruce wood (Sjostrom, 
1993; Agarwal, 2006) and the approximate distribution of lignin, hemicelluloses, and cellulose in 
wood cell wall (Redrawn from Hale, 1969). W: thin warty layer in cell lumen; S3, S2, S1: secondary 
wall layers; P:  primary wall; mL: middle lamella; CC: cell corner. Layer thickness: S3, ~ 0.1 μm; 
S2, 1–5 μm; S1, 0.2–0.3 μm; P, 0.1–0.2 μm; mL, 0.2–1.0 μm.

At molecular level, lignin forms lignin-carbohydrate complex (LCC) mainly 
with hemicellulose via ester and ether bonds (Lawoko et al., 2005; Balakshin et 
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al., 2011; Tarasov et al., 2018), surrounding the cellulose microfibrils (Figure 
2).  
 

 
Figure 2. A three-dimensional view of the lignin–carbohydrate complex (LCC) in the wood cell 
wall. Adapted from Nishimura et al. (2018). 

The presence of lignin in cell walls has multiple functions: it (1) serves as bond-
ing and stiffening material to the polysaccharides for enhanced structural integ-
rity of cell walls, (2) waterproofs cell walls for the transportation of water and 
nutrients, and (3) protects plants against pathogens (Boerjan et al., 2003; Hen-
riksson, 2017).  

2.2. Lignin composition and structure 

Structurally, lignin is an amorphous aromatic heteropolymer, which is derived 
primarily from three hydroxycinnamyl alcohol monomers (known as monolig-
nols), namely p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol (Figure 
3a), via enzyme-initiated radical polymerization (Freudenberg and Neish, 
1968; Boerjan et al., 2003). Once incorporated into the lignin structure, the 
monolignols give rise to p-hydroxylphenyl (H), guaiacyl (G) and syringyl (S) 
units (Figure 3b). The proportion of H, G and S units in lignin varies across 
plant species. Lignins from gymnosperm (softwood) are comprised mostly of G 
units with low levels of H units, whereas lignins from dicotyledonous angio-
sperm (hardwood) consist principally of G and S units and traces of H units. 
Lignins from grasses (monocots) are composed of G and S units at comparable 
levels, with a lower amount of H units; however, considerable more than in di-
cots (Boerjan et al., 2003).  
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Figure 3. (a) The structure of the major monolignols. Taking coniferyl alcohol as example, 1-6 
and α-γ denote the aromatic and aliphatic carbons, respectively. (b) The corresponding mono-
meric units in lignin structure derived from the monolignols. (c) The most common covalent link-
ages in lignin structure reported in literature (G-type). Redrawn with permission from Ralph et al. 
(2019) with modifications.  

H, G and S units are covalently bonded by ether and carbon-carbon linkages. 
The typical linkages are β-O-4, α-O-4, 5-O-4, β-5, β- β, and 5-5 (Figure 3c), 
among which β-O-4 accounts for more than half of the total linkages regardless 
of the plant species (Ralph et al., 2019). Additionally, α-O-4 exits only in the 
cyclic ether form in phenylcoumaran and dibenzodioxin structures. These inter-
unit linkages are formed via radical coupling reactions of mostly oligomer-oli-
gomer or oligomer-monomer, and fewer of monomer-monomer, initiated by ox-
idative radicalization of monolignols catalyzed by enzymes (e.g. peroxidase or 
laccase) (Ralph et al., 2004). Since the coupling reactions are chemically con-
trolled, there is no defined primary structure of lignin (Ralph et al., 2019). Nev-
ertheless, based on the structural information collected for lignin, lignin model 
structures (20-mers) for gymnosperm (softwood), angiosperm (dicot/hard-
wood), and grass (monocot) have been proposed recently, which are shown in 
Figure 4 (Ralph et al., 2019).  

 



6 

 
Figure 4. Model structures (20-mers) for (a) gymnosperm (softwood), (b) angiosperm (dicot/hard-
wood), and (c) grass (monocot) lignin. Adapted with permission from Ralph et al. (2019). 

2.3. Lignin isolation from plants 

Lignin is isolated from lignocellulosic biomass by physical and/or chemical 
and biochemical treatments, which break down lignin into smaller and soluble 
molecules by cleavage of ester and ether bonds of LCC and native lignin, thus 
separating it from solid cellulose. Currently, there are mainly four industrial 
processes used to isolate lignin, namely the Kraft process, sulfite process, soda 
process and organosolv process, and the resultant lignins are called Kraft lignin, 
lignosulfonate, soda lignin and organosolv lignin, respectively. These lignins are 
known as technical lignins. Kraft process and sulfite process are mainly used for 
lignin isolation (or delignification) of softwood and hardwood, and soda process 
for annual plants (e.g. wheat straw), whereas the orgonosolv process can be 
used for all different plant species. Depending on the isolation process, technical 
lignins can be divided into sulphur containing lignins (Kraft lignin and lignosul-
fonate) and sulphur free lignins (soda lignin and organosolv lignin).  

In this thesis, the Kraft lignin resulting from softwood was used for LNP prep-
aration because of its most abundance among all the technical lignins and its 
low level of varolization (~ 2%). More details of the technical lignins are intro-
duced below. 

Kraft lignin. Kraft lignin is a product resulted from the Kraft process, the 
predominating process (~90%) in chemical pulping (Tribot et al., 2019). Annu-
ally about 50-70 million tons of Kraft lignins are produced. However, the ma-
jority of Kraft lignin is burnt as low-value energy source, only 2% has been used 
as value-added commercial products (Tribot et al., 2019).  
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Kraft pulping uses an aqueous solution of NaOH and Na2S (known as white 
liquor, pH around 13) to depolymerize native lignin into alkali soluble fragments 
via cleavages of mainly aryl ether bonds (β-O-4 and α-O-4) at a temperature 
around 170 ºC, yielding lignin molecules rich in phenolic hydroxyl groups 
(Gierer, 1980; Chakar and Ragauskas, 2004). Depolymerization of lignin occurs 
via both alkaline and sulfidolytic cleavage reactions, and the latter reaction in-
troduces a low level of sulphur (0.2-3%) into the lignin structure (Gierer, 1980). 
In parallel to the depolymerization reaction, some extent of condensation reac-
tion takes place at C-5 and/or C-6 positions of the aromatic rings, as indicated 
by the increasing concentration of C-5 condensed lignin groups with the in-
crease of delignification degree (Granata and Argyropoulos, 1995). After the 
Kraft pulping, dissolved Kraft lignin is available in the “black liquor” together 
with some dissolved hemicelluloses and inorganic by-products.   

Kraft lignin can be recovered from the “black liquor” by acid precipitation or 
by membrane processes such as ultrafiltration. Currently, LignoBoostTM (Val-
met, Finland) and LignoForceTM (FPInnovations and NORAM Engineering, 
Canada) processes are the two main commercial technologies used for large 
scale recovery of Kraft lignin from black liquor. The LignoBoost process uses 
CO2 to precipitate Kraft lignin, followed by filtration, re-dispersion and acidifi-
cation with sulfuric acid, and finally re-filtration, washing with water and air-
drying (Tomani, 2010). LignoForce process differs from LignoBoost by an extra 
oxidation step prior to acid precipitation, which reduces the emission of H2S 
during recovery process and facilitates the filterability (Kouisni et al., 2016). An-
other commercially-available Kraft lignin recovery process is known as Sequen-
tial Liquid-Lignin Recovery and Purification (SLRP) process (Lake and Black-
burn, 2014). This process separates CO2-precipitated Kraft lignin by gravity and 
operates in a continuous system, hence requiring smaller equipment and lower 
operation cost in comparison to the LignoBoost process. The SLRP process is 
available in pilot plant scale. In general, Kraft lignin recovered from the above-
mentioned processes contains low level of ash (<1.5%), which is important for 
its downstream applications. The number-average molecular weight (Mn) of the 
Kraft lignin is reported between 1000-3000 g/mol with the polydispersity of 
2.5-3.5 (Laurichesse and Avérous, 2014).  

Kraft lignin is poorly soluble in water at pH < 10, which prevents its applica-
tion in aqueous conditions. To make Kraft lignin water soluble, one approach is 
to produce sulfonated Kraft lignin through sulfomethylation reaction (Aro and 
Fatehi, 2017). Sulfonated Kraft lignin can be used as dispersants as an alterna-
tive to lignosulfonate. The alternative and greener approach compared to sul-
fonation of Kraft lignin is to fabricate Kraft lignin into LNPs that is dispersible 
in aqueous media (pH 3 - 11) (see in section 2.4.1). Such approach does not in-
volve chemical reactions, and the resultant LNPs can be used in a broad range 
of application fields in aqueous conditions (see in section 2.4.3). 

Lignosulfonate. Lignosulfonate is a water-soluble lignin resulting from the 
sulfite pulping process. It is currently the most commercially available lignin on 
the market, with a total volume of around 1.3 million tons per year (Dessbesell 
et al., 2020). Lignosulfonate has been mainly used as surfactants, bonding 
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agents for pelletization, dispersants in ceramics and concrete admixtures 
(Dessbesell et al., 2020). However, the total production of lignosulfonate has 
been decreasing from 20 million tons in the 1980s to about 7 million tons now-
adays, due to the development of the Kraft process (Tribot et al., 2019).  

The sulfite process employs sulfite or bisulfite to cook biomass, and the cati-
onic counterions for pulping can be Ca2+, Mg2+, Na+ and NH4+, which are used 
at different pH. Ca2+ is used for acid sulfite pulping (pH 1-2), which is the major 
type of sulfite pulping. Mg2+ can be used at a higher pH between 3 and 5, 
whereas Na+ and/or NH4+ are used for neutral (pH 6-9) and alkaline (pH 10-
13.5) sulfite pulping (Sixta, 2006). During sulfite pulping, solubilization and de-
polymerization of lignin occur via mainly sulfonation and hydrolysis reactions, 
and to some extent sulfidolytic cleavage reaction (Sixta, 2006). Sulfonation 
takes place mainly at Cα position and is more efficient at acidic conditions. Such 
reaction causes fragmentation of the aliphatic chains of lignin to some extent 
and introduces sulfonate groups to lignin that renders it sufficiently hydrophilic 
to be dissolved in the cooking liquor. Hydrolysis reaction occurs mainly to the 
ester bond between lignin and hemicelluloses, and to a small extend of the α-
benzyl ether bond of lignin. The β-O-4 ether bond is rather stable under acidic 
conditions due to the lack of strong nucleophiles. Increase of the reaction pH to 
neutral can introduce stronger nucleophiles and hence enhance sulfidolytic 
cleavage of β-O-4 ether bond (Sixta, 2006).  

Due to less cleavage of β-O-4 ether bond compared to the Kraft process, lig-
nosulfonate resulted from sulfite process has a relative high number-average 
molecular weight of 15000-50000 g/mol, and a rather broad polydispersity in-
dex of 6-8 (Laurichesse and Avérous, 2014). In addition, a relative high sulfur 
content of 3.5 to 8% is introduced into lignosulfonate due to the sulfonation re-
action (Aro and Fatehi, 2017). Unlike Kraft lignin that can be easily recovered 
from black liquor by acid precipitation, lignosulfonate is mainly recovered from 
the sulfite spent liquor via membrane filtration due to its good solubility in a 
wide pH range (Li and Takkellapati, 2018).  

Soda lignin. Soda lignin is mainly isolated from annual plants such as straw, 
flax, bagasse, and to some extent, hardwood, via soda pulping process (Vishtal 
and Kraslawski, 2011). Soda pulping accounts for nearly 5% of the total cellulose 
pulp production (Azadi et al., 2013). Compared to the Kraft process, the major 
difference in soda process is that no Na2S is involved in the cooking. Hence, soda 
lignin is a sulfur-free lignin. Alike the recovery of Kraft lignin, soda lignin can 
be recovered from the black liquor by acid precipitation or ultrafiltration. How-
ever, due to a high impurity content of silica, the recovery of soda lignin is more 
challenging (Vishtal and Kraslawski, 2011). The number-average molecular 
weight of soda lignin can vary from 800 to 3000 g/mol, with the polydispersity 
of 2.5 to 3.5 (Laurichesse and Avérous, 2014). 

Organosolv lignin. Organosolv lignin is produced from the organosolv pro-
cess, which is currently still in a laboratory or pilot scale (Dessbesell et al., 
2020). In the organosolv process, a mixture of organic solvent (e.g. ethanol, 
methanol, acetone, ethylene glycol, glycerol, γ-Valerolactone, THF) or acid (e.g. 
acetic acid, formic acid) and water is used as the pulping liquor (Azadi et al., 
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2013; Chin et al., 2020). Acidic or basic catalysts can be added to the liquor to 
improve the pulping efficiency (Chin et al., 2020). The dissolved lignin in the 
black liquor can be recovered by precipitation, and the organosolv lignin ob-
tained is sulfur-free, with low ash content, and insoluble in water (Laurichesse 
and Avérous, 2014). The number-average molecular weight of the organosolv 
lignin is reported between 500 and 5000 g/mol with a polydispersity of 1.5 to 
2.5 (Laurichesse and Avérous, 2014). The organosolv process is considered as a 
relatively environmentally benign process in comparison to the Kraft and sulfite 
processes. However, the recovery of the organic solvents and/or catalysts in or-
ganosolv process are challenging (Chin et al., 2020). 

2.4. Lignin nanoparticles  

Fabrication of isolated lignin into LNPs is a promising approach of adding 
value to lignin, because LNPs have the advantageous features over isolated lig-
nin in their larger surface area per mass unit, colloidal stability in aqueous me-
dia (pH 3 - 11), and the tuneable surface charge. A variety of methods have been 
reported for LNP production (Ago et al., 2017; Beisl et al., 2017b; Österberg et 
al., 2020), and the common methods are introduced in section 2.4.1. The prop-
erties of LNPs, for instance, the size distribution, surface properties, solvent sta-
bility etc., as well as the parameters that affect LNP properties are introduced in 
section 2.4.2. To broaden the applications of LNPs, modifications of LNPs are 
often required, which are introduced in section 2.4.3. In the above-mentioned 
sections, the state of the art and the challenges are discussed. Finally, the con-
tributions of this thesis relative to the state of the art are summarized in section 
2.4.4. 

2.4.1. Production methods 

The common methods used for LNP production include nanoprecipitation 
(also called solvent exchange or solvent shifting), controlled evaporation of at-
omized lignin solution droplets, acidification, and emulsion templating. Among 
these methods, except acidification that results in irregular shaped LNPs, the 
other methods can yield spherical LNPs. Nanoprecipitation and controlled 
evaporation methods are more promising in large-scale production of LNPs 
(Figure 5). However, the former has a lower requirement of equipment than 
the latter and is the predominating technique by far, and it was also used for 
LNP production in this thesis. The details of each method are introduced below. 
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Figure 5. (a1-a3) The production route of nanoprecipitation: mixing of lignin solution with the non-
solvent of water to form spherical LNPs in dispersion state, and spray drying of the wet LNPs to 
form dry microclusters of LNPs. (a1-a4) Controlled evaporation of atomized lignin solution drop-
lets: atomization of lignin solution in an aerosol flow reactor and subsequent controlled evapora-
tion of the solvent to produce dry spherical LNPs. These methods can result in (b) spherical 
smooth, (c) spherical wrinkled, and/or (d) super-structured lignin particles. Adapted from Öster-
berg et al. (2020). 

Nanoprecipitation. Nanoprecipitation is the predominating method for 
preparing LNPs. This method has the advantages of moderate equipment re-
quirements, low energy costs and scalability (Leskinen et al., 2017; Ashok et al., 
2018; Lintinen et al., 2018). In a typical nanoprecipitation process, lignin is first 
dissolved in an organic solvent-water mixture or water-miscible organic solvent, 
followed by mixing the lignin solution with a non-solvent of water to form LNPs 
(Figure 5, a1-a2). Mixing of lignin solution with water can be done either by 
dialysis using dialysis membrane (Lievonen et al., 2016) or pouring one compo-
nent to the other (Leskinen et al., 2017). If compared, the latter can be more 
easily scaled-up (Leskinen et al., 2017). 

On theory side, it has been proposed for polymeric nanoparticles that the for-
mation of the particles undergoes nucleation-growth process (Schubert et al., 
2011; Lepeltier et al., 2014). The growth of the nuclei is dominated by random 
collision and aggregation, because high number density of the nuclei is gener-
ated during short period which favors aggregation of nuclei. The formation of 
LNPs differ considerably from other polymeric nanoparticles, especially those 
form from homopolymers or block copolymers, as the raw materials (e.g. Kraft 
lignin) are normally heterogeneous in molecular weights and functional groups. 
The smaller lignin molecules possess higher concentration of phenolic and car-
boxylic hydroxyl groups, which renders them more hydrophilic and soluble in 
water than the larger ones (Jiang et al., 2017; Domínguez-Robles et al., 2018). 
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Such molecules are probably not involved in the nucleation but instead diffuse 
onto the nuclei/particles in parallel to the nucleation-growth process (Sipponen 
et al., 2018b). In case of pouring lignin solution into water or the other way 
around, after initial nanoprecipitation there are still soluble lignin molecules 
(small ones) in the liquid phase. These lignin molecules will adsorb onto the 
LNP surface during the removal (either by evaporation or dialysis) of the or-
ganic solvent (Sipponen et al., 2018b). 

In practice, it is found that by choosing the right solvents to dissolve lignin, 
well-defined spherical shape of LNPs can be obtained. The typical solvents used 
to produce spherical LNPs include acetone, tetrahydrofuran (THF), THF-etha-
nol, γ-Valerolactone etc. (Yearla and Padmasree, 2016; Dai et al., 2017; Qian et 
al., 2017; Sipponen et al., 2017; Lintinen et al., 2018; Chen et al., 2020), which 
are usually mixed with water for an improved solubility of lignin (Boeriu et al., 
2014; Jiang et al., 2014; Jääskeläinen et al., 2017; Domínguez-Robles et al., 
2018; Sipponen et al., 2018b; Chen et al., 2020; Wang et al., 2020b). The Kraft 
lignin, alkali (soda) lignin, organosolv lignin and enzymatic hydrolysis lignin 
have been mainly used as the raw lignin sources to prepare LNPs.  

In earlier years, Qian et al. prepared spherical LNPs from acetylated wheat 
alkaline lignin, via addition of the non-solvent of water into the lignin solution 
(THF was used as the solvent) (Qian et al., 2014a, 2014b). Acetylation of alkali 
lignin is a key step to improve its solubility in anhydrous THF. Later, Lievonen 
et al. (2016) prepared spherical LNPs directly from unmodified softwood Kraft 
lignin (SKL), via dialysis of SKL solution (dissolved in THF) against water. Now-
adays, spherical LNPs are more commonly prepared by dissolving lignin in the 
organic solvent-water mixture, followed by rapid pouring of lignin solution into 
water or the other way around, and finally using evaporation or dialysis to re-
move the organic solvent. Evaporation enables the recovery and reuse of the 
organic solvent, which makes the LNP production scalable (Leskinen et al., 
2017; Lintinen et al., 2018). The LNPs can be recovered from the aqueous dis-
persion by for instance spray drying (Figure 5, a3), after which LNPs form mi-
crometer-sized dry clusters (Lintinen et al., 2018). The dry LNP clusters can be 
redispersed in water via e.g. homogenization or ultrasonication. This is an im-
portant aspect in terms of commercialization of LNPs. A techno-economic study 
was performed for this method, based on the raw material of LignoBoost SKL 
(0.4 €/kg) and the solvent of THF-ethanol-water, a production price of around 
1 €/kg was calculated for LNPs (Ashok et al., 2018). This price can be potentially 
reduced by replacing THF-ethanol with acetone (Österberg et al., 2020).  

Controlled evaporation of atomized lignin solution droplets. This 
method was first developed by Ago et al. (2016). They employed an aerosol-flow 
reactor to atomize lignin solution (Kraft lignin or organosolv lignin dissolved in 
dimethylformamide (DMF)) into microsized droplets that were suspended in 
nitrogen gas flow. Upon temperature-controlled evaporation of the organic sol-
vent, lignin self-assembled into spherical LNPs (Figure 5, a1-a4). The diame-
ter of the generated LNPs varied from ~30 nm to 2 μm, which could be collected 
and fractioned using a Berner-type low-pressure impactor that comprised of 11-
stages with nominal cut-off diameter from 31 nm to 7.817 μm. Using the same 
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method but replacing DMF with acetone, spherical LNPs can also be obtained 
from acetone-extracted lignin from hydrothermal-treated birch chips, as re-
ported by Lourencon et al. (2020). However, if using aqueous ammonium hy-
droxide as the solvent and Kraft lignin as the raw material with the presence of 
ammonium carbonate, spherical LNPs with wrinkled surface morphology were 
produced, as reported by Kämäräinen et al. (2018). A techno-economic study 
was conducted for this method, based on the raw material of Kraft lignin (250 
USD/t) and the solvent of acetone/DMF/ammonium hydroxide, the manufac-
turing costs were calculated to 747-1115 USD/t (Abbati de Assis et al., 2018). 
Among the solvents, acetone was corresponding to the lowest manufacturing 
cost. If compared to nanoprecipitation, this method has a higher requirement 
of the equipment. 

Acidification. The acidification method of LNP production was first re-
ported by Frangville et al. (2012). In the acidification process, LNPs are pre-
pared by controlled addition of acid into lignin solution. In practise, Kraft lignin 
and alkaline lignin have been used as the raw materials, which are first dissolved 
in the aqueous sodium hydroxide (NaOH) or ethylene glycol or dimethylforma-
mide (DMF), followed by controlled addition of acid such as hydrochloric acid 
(HCl), nitric acid (HNO3), or CO2 to the lignin solution to form LNPs (Frangville 
et al., 2012; Richter et al., 2016; Myint et al., 2016). The formation of LNPs is 
due to the protonation of lignin, hence the resulted LNPs are usually irregularly 
shaped. The particle size of LNPs can be controlled by the addition manner of 
the acid. Smaller LNPs are formed under a slower addition speed or a lower 
added amount of the acid. The hydrodynamic diameters (Dh) of the resultant 
LNPs can vary from dozens of nanometers to a few micrometers (Frangville et 
al., 2012). Compared to the spherical-shaped LNPs, it has been claimed that the 
properties of the irregular shaped LNPs such as the packing density is difficult 
to control (Österberg et al. (2020)). Besides, the scalability of this method is 
limited by the slow addition of acid especially for producing small LNPs.  

Emulsion Templating. Emulsion templating method of LNP production 
has been reported in a few studies. Nypelö et al. (2015) adapted water-in-oil 
microemulsion template for LNP preparation. In this process, 20 wt% softwood 
Kraft lignin (SKL) was first dissolved in 1 M aqueous NaOH, followed by form-
ing water-in-oil microemulsion with octane (oil phase) with the presence of the 
surfactant mixture (monooleate, polyoxyethylene, sorbitan monooleate and 1-
pentanol). Afterwards, epichlorohydrin was added to the system to initiate the 
cross-linking of the SKL at 50 ºC, and finally the internally cross-linked LNPs 
were obtained. The resultant LNPs were resistant to dissolution at pH of 13. 
Wang et al. (2020a) reported another emulsion method for LNP preparation. 
They first dissolved hardwood Kraft lignin (HKL) in γ-Valerolactone (GVL), 
which was mixable with glycerol at 80 ºC. Upon cooling of the system to room 
temperature, GVL spontaneously formed emulsion droplets containing HKL in 
the continuous phase. By adding water into the emulsion, GVL was released 
from the droplets to the glycerol-water mixture, which led to the formation of 
spherical LNPs. However, comparing to nanoprecipitation, the scalability of 
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these emulsion templating methods is limited by the complex preparation and 
recovery steps. 

2.4.2. Particle properties and the affecting parameters 

Size & distribution. The particle size and size distribution are one of the 
most important properties for LNPs, which play a pivotal role in the applications 
of LNPs, such as in drug delivery, catalysis, adsorbents, composites, Pickering 
emulsions, adhesives, coatings etc. The size and size distribution of LNPs are 
strongly affected by the lignin source and parameters such as the initial concen-
tration of lignin solution, the mixing manner of lignin solution and water, and 
the choice of solvents. A general finding is that lignin with higher molecular 
weight yields smaller particle size in average (Ma et al., 2020; Pang et al., 2020; 
Rivière et al., 2021). This can be attributed to a faster nucleation of the larger 
lignin molecules, due to their higher hydrophobicity and lower solubility in the 
aqueous organic solvent compared to the smaller ones. If using the same source 
of lignin, a higher concentration of lignin solution normally leads to LNPs with 
a larger size in average (Lintinen et al., 2018), due to more formed nuclei and 
stronger random aggregation of the nuclei during growth. While using the same 
concentration of lignin solution, a faster mixing of lignin solution with water 
usually results in LNPs with a smaller size in a narrower distribution (Leskinen 
et al., 2017; Sipponen et al., 2018b), probably ascribing to more homogeneous 
supersaturation and nuclei burst. However, it needs to be emphasized that, in 
case of adding lignin solution into water, the particle size and size distribution 
of LNPs are not affected by the addition speed because water is always in large 
excess (Leskinen et al., 2017).  

In terms of the solvent effect, it is found that aqueous acetone always results 
in LNPs with a smaller size in a narrower distribution than aqueous THF. How-
ever, the underlying reason is not clear. Similar phenomena have been reported 
earlier for synthetic polymeric nanoparticles (e.g. polylactide NPs), that is, ace-
tone always results in smaller particles than THF (Legrand et al., 2007; Beck-
Broichsitter et al., 2010). It has been proposed that the smaller particles are 
caused by a more uniform supersaturation of polymer in acetone, due to a faster 
mixing of acetone and water compared to THF (Lepeltier et al., 2014). Besides, 
it has been reported that the stronger the solvent - nonsolvent interaction 
and/or the weaker the solvent - polymer interaction, the smaller the polymeric 
NPs (Choi et al., 2002; Bilati et al., 2005). It is known that acetone has a 
stronger affinity towards water compared to THF due to its higher polarity. 
However, it remains unknown how acetone interacts differently with lignin 
compared to THF. In addition, the particle size can be affected by the supersat-
uration level, as predicted by classical nucleation theory. A higher supersatura-
tion level can result in a faster nucleation rate leading to a smaller particle size 
(Lepeltier et al., 2014). However, the supersaturation differences of lignin in 
aqueous acetone and aqueous THF systems have not been explored.  

Surface properties and solvent stabilities. LNPs prepared from soft-
wood Kraft lignin (SKL) are negatively charged on the surface in the pH range 
roughly between 3 and 10, as indicated by the measured negative ζ potentials of 
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~-20 to -40 mV (Lievonen et al., 2016; Sipponen et al., 2017). The negative sur-
face charge of LNPs originates from the deprotonated carboxylic groups of SKL, 
which provides LNPs with colloidal stability in the aqueous media. Hence, if the 
pH is low (e.g. at 2) or the salinity is high (e.g. [CNaCl] = 1 M), the LNPs tend to 
aggregate and precipitate in the aqueous media. On the other hand, if the pH is 
high, LNPs will be unstable/dissolved in the alkaline condition, due to the 
deprotonation of the phenolic hydroxy groups that have a pKa ranging from 6 to 
11 (Ragnar et al., 2000). However, the cut-off pH, at which LNPs start becoming 
unstable or being dissolved has not been systematically studied, due to a lack of 
method to prepare well-defined LNP films. Because of the same reason, the wet-
ting property of LNPs has been not directly measured with water contact angle 
(WCA) measurements. Previously, the WCA of 21º was reported for the LNPs 
prepared from acetylated alkaline lignin (Qian et al., 2014b). However, the sam-
ple preparation method was not described. Besides, the LNPs are unstable/sol-
uble in the common (aqueous) organic solvents, as they are assembled of lignin 
molecules by the physical forces such as Van der Waals forces, hydrophobic and 
π-π interactions (Qian et al., 2014b; Xiong et al., 2017b; Wang et al., 2020c). 
Hence, LNPs are as soluble as the raw materials when reaching equilibrium 
(Sameni et al., 2017).  

2.4.3. Modifications and applications 

LNPs have been demonstrated for various applications (Beisl et al., 2017a; 
Sipponen et al., 2019; Österberg et al., 2020). The typical applications of LNPs 
include carrier & delivery of cargos (Figueiredo et al., 2017; Sipponen et al., 
2018b; Siddiqui et al., 2020), composites (Farooq et al., 2019; Yang et al., 
2020), adsorbents (Rivière et al., 2020), Pickering emulsions (Ago et al., 2016; 
Sipponen et al., 2017), coatings (Henn et al., 2021), sunscreens (Widsten et al., 
2020) etc. However, in some applications, modifications of LNPs are required. 
For instance, for specific interaction with cells in biomedicine, as Pickering par-
ticles for stabilizing vegetable oils, processing/applications of LNPs in harsh 
conditions etc. 

Sipponen et al. (2017) modified LNPs with water soluble cationic lignin by ad-
sorption, which reversed the surface charge of LNPs from negative to positive. 
The resultant c-LNPs showed an improved Pickering emulsion stabilization for 
toluene compared to LNPs. Moreover, c-LNPs could further stabilize olive oil or 
silicon oil that could not be achieved by LNPs, though the resultant emulsions 
were less stable compared to the one prepared from toluene. Moreover, c-LNPs 
have been successfully demonstrated as carriers for binding enzymes for en-
hanced catalytic activity in aqueous ester synthesis (Sipponen et al., 2018a), and 
as coagulants of viruses to facilitate water purification (Rivière et al., 2020).  

LNPs can also be chemically modified on the surface. Compared to physical 
modification, chemical modification does not necessary require macromole-
cules, and offers more functionalization options. However, the dissolution of 
LNPs at PH > 11 and in common organic solvents, as well as the aggregation of 
LNPs at pH < 3 limit greatly the functionalization routes of LNPs. To avoid this 
problem, Setälä et al. (2020) attached tall oil fatty acid (contains reactive double 
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bonds) to Kraft lignin in dimethylformamide (DMF) prior to making LNPs. 
Figueiredo et al. (2019) first carboxylated Kraft lignin in THF, then prepared 
LNPs from the carboxylated Kraft lignin, and finally attached peptides to the 
LNPs via EDC/NHS coupling reaction. These approaches however are not re-
source-efficient, and the premodification of Kraft lignin significantly affects the 
final properties of LNPs such as the particle size and/or the solvent stability. 

An alternative approach to solve the above-mentioned problem is to chemi-
cally cross-link LNPs in the internal structure. As mentioned in section 2.4.1, 
LNPs prepared from microemulsion template via cross-linking by epichlorohy-
drin were resistant to high pH at 13 (Nypelö et al., 2015). However, the scalabil-
ity of this method is hurdled by the complex preparation steps. Mattinen et al. 
(2018) cross-linked LNPs via enzyme initiated radical-mediated coupling reac-
tion. However, the cross-linking was only successful at markedly low concentra-
tion of 0.1 – 0.3 g/L of LNP aqueous dispersion, as higher concentration would 
result in aggregation of the particles, hence hindering the scalability. 

2.4.4. Contributions relative to the state of the art 

In this thesis, aqueous acetone and aqueous THF were used as the binary sol-
vents to dissolve SKL and to prepare spherical LNPs via nanoprecipitation, be-
cause the binary solvents show a higher solubility for SKL than the pure organic 
solvents (Boeriu et al., 2014; Leskinen et al., 2017; Domínguez-Robles et al., 
2018; Lintinen et al., 2018). On the other hand, replacing the organic solvent 
partially with water comes with economic and ecological benefits. The solvent 
effects of aqueous acetone and aqueous THF on the particle size were funda-
mentally investigated by employing MD simulations (Paper I). Moreover, a va-
riety of experimental techniques including serialEM, electron tomography, 
SAXS, AFM, ImAFM and QCM-D were used to investigate the intrinsic proper-
ties of LNPs, such as their internal morphology, porosity, mechanical proper-
ties, wetting property, swelling behaviour and solvent stability (Paper I and 
II). These properties of LNPs have been sparsely studied previously but are rel-
evant for understanding formation and applications of LNPs. In addition, to 
precisely determine the wetting property, swelling behaviour and solvent stabil-
ity of LNPs, well-defined monolayer model LNP film was developed (Paper II).  

In terms of the applications, the LNPs and c-LNPs were incorporated into 
CNFs and the properties of the nanocomposite films were systematically studied 
(Paper III). Moreover, various modifications of LNPs were developed to 
broaden the application window of LNPs. For instance, the coating of LNPs by 
chitosan and the emulsification capacity of the chi-LNPs towards olive oil were 
systematically investigated (Paper IV). Using the optimized emulsion, ionic 
cross-linking and drug loading & release by the emulsion droplets were demon-
strated. Aside from that, a simple method was developed to incorporate BADGE 
into LNPs (Paper V). The hy-LNPs could be either intrapartically cross-linked 
for surface functionalization via epoxy ring-opening reaction at pH 12, or used 
as waterborne and particulate adhesives for wood via heat-induced inter- and 
intraparticle cross-linking. 



Materials and Methods

3.1. Materials

3.1.1. Softwood Kraft lignin

Softwood Kraft lignin (SKL) was used for all the studies included in this thesis. 
SKL with the trade name of BioPiva 100 was obtained from UPM (Finland), 
which was recovered from pine black liquor using LignoBoost@ technology. The 
SKL was well characterized in a previous study and in this thesis (Sipponen et 
al., 2018a; Paper V). The sugar content of SKL was 0.05 mmol/g, measured 
with 13C NMR. The number average molecular weight (Mn) and weight average 
molecular weight (Mw) of SKL were 693 and 4630 g/mol respectively, deter-
mined with gel permeation chromatography (GPC). The aliphatic OH, phenolic 
OH and carboxylic OH of SKL were 1.89, 4.05 and 0.38 mmol/g respectively, 
determined with 31P NMR.

3.1.2. Cellulose nanofibrils

A suspension of cellulose nanofibrils (CNFs) used in Paper III was prepared 
according to Österberg et al. (2013). In brief, never-dried bleached hardwood 
Kraft pulp was first exchanged into sodium form, which was then subjected to 
mechanical disintegration through a high-pressure fluidizer (Microfluidics, M-
110Y, Microfluidics Int. Co., Newton, MA) with 6 passes at a pressure of 2000 
bar. The resulting CNF suspension of 2 wt % solid content was stored at 4 °C 
until use.

3.1.3. Chitosan

Chitosan with a molecular weight of 100 to 300 kDa purchased from Fisher 
Scientific (Acros Organics) was used for LNP modification in Paper IV. The 
deacetylation degree of the chitosan was above 90%.

3.1.4. Other chemicals and materials

Acetone (100%), 1,4-dioxane (DXN) (99.9%), dimethyl sulfoxide (DMSO)
(ACS grade) and THF (99.9%) purchased from VWR or Sigma-Aldrich were 
used for LNP and/or hy-LNP preparations (Paper I-V). Poly-L-Lysine (PLL, 
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0.1 wt%, Mw: 150,000 – 300,000 g/mol) and poly(styrene) (PS, Mw of 280000 
g/mol) purchased from Sigma-Aldrich were used for preparation of lignin films 
(Paper I, II, IV, V). Glycidyl trimethylammonium chloride (GTMA, ≥ 90%) 
(Paper III, V) was purchased from Sigma-Aldrich. Sodium triphosphate (STP) 
(purity ≥ 98%) (Paper IV) was purchased from Fisher Scientific (Acros Organ-
ics). Olive oil (highly refined, low acidity, ~2 wt% free acid), ciprofloxacin (pu-
rity ≥ 98%), and acetic acid (glacial, purity ≥ 99.8%) (Paper IV) were pur-
chased from Sigma-Aldrich. Tall oil fatty acid (TOFA) (Paper IV) with the trade 
name “For 2” was a kind gift from Forchem Oyj (Finland). Bisphenol A diglyc-
idyl ether (BADGE, CAS Nr: 1675-54-3) (Paper V) was purchased from Sigma-
Aldrich. Deionized (DI) water was used throughout all the experiments. 

3.2. Sample preparation 

3.2.1. Preparation of LNPs and hy-LNPs 

LNPs (Paper I-V). LNPs were prepared from four solvent systems, namely 
aqueous acetone, aqueous THF, aqueous DXN and aqueous DMSO, and the re-
sultant LNPs are denoted as LNPsaceotone, LNPsTHF, LNPsDXN and LNPsDMSO re-
spectively. The preparation procedure is divided into three steps: (1) dissolu-
tion, (2) nanoprecipitation and (3) removal of the organic solvent. In step one, 
1 wt% of SKL was dissolved in the aqueous organic solvents (75 wt%) under 
magnetic stirring for 3 hours. The undissolved residues (≤ 2 wt%) were removed 
by filtration (Whatman paper filters, pore size of 0.7 μm). In step two, the lignin 
solutions were poured in one go (within approximately one second) into vortex-
stirring DI water (solution: water = 1 : 2.5, or 1 : 3, w/w), and the LNPs formed 
instantly. In step three, the organic solvent was either removed by dialysis 
against DI water using dialysis membrane (Spectra/Por® 1 tubing with a 
MWCO of 6–8 kDa) or by rotary evaporation (40 ºC, at reduced pressure) (not 
for DMSO). The concentration of the final dispersion obtained was around 0.2 
wt% after dialysis, while with rotary evaporation the concentration could be 
controlled up to e.g. 2 wt% without causing precipitation (for LNPsacetone). The 
mass yields were normally above 80 % for LNPsaceotone and LNPsTHF, between 70 
and 80 % for LNPsDXN and LNPsDMSO (due to strong aggregation of these parti-
cles after dialysis, the large aggregates were removed by filtration). 

Hy-LNPs (Paper V). Aqueous acetone (75 wt%) was used for the prepara-
tion of SKL-BADGE hybrid LNPs (hy-LNPs). The hy-LNPs were prepared by 
partially replacing SKL with BADGE, following the same preparation procedure 
as described for LNPs. Acetone was removed by dialysis. The mass ratio of 
BADGE to SKL varied from 9 : 1 to 1 : 1 (10 to 50 wt% of BADGE relative to the 
total dry mass).  

3.2.2. Preparation of lignin thin films 

LNP and hy-LNP thin films (Paper II and V). LNP/hy-LNPs monolayer 
films were prepared by direct adsorption of LNPs/hy-LNPs onto PLL-coated sil-
icon wafers or gold QCM crystals (Q-sense, Sweden). In detail, the wafers or 
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gold crystals were coated with PLL by immersing the substrates in PLL solution 
(0.1 wt%) for 0.5 or 1 h, followed by rinsing with DI water and nitrogen gas (N2) 
drying. LNPs/hy-LNPs were adsorbed onto the PLL-coated substrates by im-
mersing the PLL-coated substrates in LNP/hy-LNPs dispersion (~0.2 wt%) for 
1 h, rinsing with DI water and drying with N2. Prior to coating by PLL, silicon 
wafers or gold QCM crystals were purified as follow: immersing in 1 M NaOH 
for about 1 min, rinsing with Milli-Q water, drying with N2, treating with a UV-
ozone cleaner (Bioforce) for 15 min, rinsing with Milli-Q water, and drying with 
N2.  

Dissolved SKL thin film (Paper II). Preparation of dissolved SKL film 
was done by spin-coating following the procedure described by Salas et al. 
(2013). In brief, PS (0.5 wt %, dissolved in toluene) was spin-coated onto the 
purified silica wafers or gold QCM crystals at 2000 rpm for 40 seconds. Then 
the PS film was heat-treated at 80 °C for 30 min. Finally, SKL (0.5 wt %) dis-
solved in 1,4-dioxane-water (82:18 v/v) was spin-coated onto the PS film as fol-
low: 400 rpm for 3 seconds, 500 rpm for 5 seconds, and 2000 rpm for 1 min. 
The SKL coating was repeated for three times. 

3.2.3. Preparation of catlig and chitosan solutions 

Aqueous catlig solution (Paper III). The cationic lignin (catlig) was syn-
thesized as described by Sipponen et al. (2017) and Kong et al. (2015). In brief, 
2.5 g of dry SKL was first dissolved in 0.2 M sodium hydroxide, followed by ad-
dition of 0.50 g (442 μL) of GTMA dropwise to the solution. Afterwards, the 
solution was placed at 70 °C under stirring for 1 h reaction. The products were 
neutralized by adding 6 M sulfuric acid and purified by dialysis against DI water 
using a dialysis membrane (Spectra/Por® 7 tubing with a MWCO of 1 kDa). 
About 55 wt% of catlig was obtained in water-soluble state. The apparent ζ po-
tential of the catlig aqueous solution was around +22.1 mV, determined at the 
concentration of 0.26 wt% at pH 4. The aliphatic OH, phenolic OH and carbox-
ylic OH of catlig were 2.37, 1.42 and 0.44 mmol/g respectively, determined with 
31P NMR in a previous study (Sipponen et al., 2017). 

Aqueous chitosan solution (Paper IV). Aqueous chitosan solution (1 
wt%) was prepared by dissolving 1 g of chitosan in 99 mL of 0.1 M acetic acid 
(pH 2.9) under stirring for 24 hours. After dissolution of chitosan, the pH of the 
solution increased to 4.5. The protonation degree of chitosan was calculated to 
be ~60 - 70%, according to the change of pH, the pKa of acetic acid (4.75) and 
the deacetylation degree of chitosan (≥ 90 %). The apparent ζ potential of chi-
tosan was around +55 mV, determined at the concentration of 0.025 to 0.1 wt% 
at pH 4.5. 

3.2.4. Surface modification of LNPs with catlig or chitosan 

LNPs were modified with catlig (Paper III) or chitosan (Paper IV) by ad-
sorption. In brief, the LNP dispersion (0.2 - 1 wt%) was added slowly into the 
catlig or chitosan aqueous solution under vigorous stirring. The stirring contin-
ued for about 0.5 h, then the sample was stored overnight prior to use. The pH 
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of catlig solution was adjusted to 4 with 0.1 M HCl prior to the addition of the 
LNP dispersion. The mass ratio of catlig to LNPs or chitosan to LNPs varied 
from 0 to 200 mg/g. The resultant products were termed as c-LNPs(XX) or chi-
LNPs(XX). XX corresponds to the number of mass ratio. 

3.2.5. Preparation of lignin-CNF composite film 

The composite film (Paper III) was prepared by pressurized filtration de-
scribed by Österberg et al. (2013) with slight modifications. In brief, the CNF 
suspension (2 wt%) was first mixed with c-LNP (1 wt%), LNP (1 wt%), SKL dis-
persion (1 wt%, prepared by homogenization) or catlig solution (0.26 wt%), 
which was then diluted with DI water to 0.8 wt % of CNF, and stirred for 2 h. 
The lignin contents of the total dry mass were 0, 2, 5, 10, 20, and 50 wt %. The 
mixture was poured into the pressure-assisted filtration equipment, in which a 
Sefar Nitex polyamine monofilament fabric (10 μm mesh size) was placed on 
top of a VWR® Grade 415 filter paper, followed by filtration at 2.5 bar for 45 
minutes. The obtained wet films were either ambient dried at 23 °C and 50% 
relative humidity for 72 h under a load of 5 kg, or hot-pressed (HP) using a 
Carver Laboratory press (Fred S. Carver Inc.) at 100 °C and 1800 Pa for 90 min. 
The final films obtained were stored at 23 °C and 50% relative humidity before 
testing. The films prepared from pure CNFs are referred as CNF, while the com-
posite films with incorporated c-LNPs, LNPs, SKL and catlig are denoted as c-
LNPs, LNPs, SKL and Catlig.  

3.2.6. Preparation of Pickering emulsions 

Normal Pickering emulsion (Paper IV). The oil-in-water Pickering 
emulsions were prepared by ultrasonication (Branson 450 Digital Sonifier with 
a 3 mm-diameter microtip) under ice bath condition. Olive oil was used as the 
oil phase, the volume ratio of olive oil to chi-LNP (or LNP) dispersion (0.2 to 1 
wt%) was controlled at 1 to 1. The ultrasonication procedure was as follow: the 
microtip was placed at the interface of olive oil and LNP dispersion, then a total 
of 60 s with the cycles of 10 s on and 5 s off were applied for emulsification. The 
amplitude was set at 10% for a total volume of 2 ml or 40% for 10 ml of the oil-
LNP dispersion. Similar size distributions of oil droplets were obtained when 
the concentration of the chi-LNP (50 mg/g) dispersion was at ≥ 0.5 wt% for total 
volumes of 2 or 10 ml. 

Ionically cross-linked Pickering emulsion (Paper IV). Olive oil-in-
water Pickering emulsion stabilized by 1 wt% chi-LNP (50 mg/g) was ionically 
cross-linked by sodium triphosphate (STP). The cross-linking procedure was as 
follow: the emulsion was slowly added into 6 wt% sodium triphosphate (STP) 
aqueous solution at the volume ratio of 1:9 under vigorous stirring. After com-
plete addition, the stirring continued for 30 min. 

Ciprofloxacin-loaded Pickering emulsion (Paper IV). 20 mg/mL of 
ciprofloxacin was firstly dissolved in TOFA, followed by dilution with olive oil 
to 2 mg/mL. The emulsification was done following the same procedure as the 
normal Pickering emulsion described above.  
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3.2.7. Cationization of the internally crosslinked hy-LNPs 

Hy-LNPs20 cured for 4 h at 105 °C in dispersion state were used for covalent 
cationization (Paper V). The cationization of the cured particles followed a sim-
ilar procedure as the cationization of Kraft lignin described in the literature 
(Kong et al., 2015). In brief, the cured hy-LNP20 aqueous-dispersion (5 ml) was 
first adjusted to pH 11.7 by addition of 0.5 ml of 0.1 M NaOH. Afterwards, 28.1 
mg (25 μL) of GTMA was added dropwise to the dispersion, which was then 
subjected to cationization reaction at 70 °C under stirring for 1 h. Finally, the 
product was dialyzed against DI water using a dialysis membrane (Spec-
tra/Por® 1 tubing with a MWCO of 6–8 kDa) to remove NaOH and the unre-
acted GTMA. The dialysis was completed when the pH reached around 7. 

3.3. Characterization methods 

3.3.1. SKL characterization 

SKL solubility degree measurement (Paper I). The solubility degrees 
of SKL in the 75 wt% and 21 wt% aqueous organic solvents were determined 
with mass balance method. 1 wt% of SKL was added into 75 wt% and 21 wt% 
aqueous organic solvents, stirred for over 3 h, centrifuged for 15 min at 13000 
rpm and the filtered supernatants (0.2/0.45 μm syringe filters) were used for 
gravimetric lignin measurement. The mean value of solubility degree (dissolved 
lignin concentration divided by initially added lignin concentration) of two rep-
licates was used for the reporting of data. 

GPC (Paper V). Gel permeation chromatography (GPC) (Agilent Multide-
tector GPC E419) equipping with a series of three Waters Ultrahydrogel col-
umns was used to determine the molecular weight of SKL (Publication IV). 2 
mg/ml of SKL was dissolved in 0.1 M NaOH and the solution was filtered 
through a 0.2 μm syringe filter. A volume of 50 μl of lignin solution was injected 
into the chromatography line and eluted with 0.1 M NaOH at a flow rate of 0.7 
ml/min. Polystyrene sulfonates were used for external molecular weight cali-
bration. The molar mass was calculated based on the UV absorbance at 280 nm 
detected from the column effluent. 

3.3.2. Particle characterization 

Hydrodynamic diameter (Dh) and ζ potential analysis (Paper I-V). 
The Dh and ζ potential of the LNPs, c-LNPs, chi-LNPs, hy-LNPs were analyzed 
with a Zetasizer Nano ZS90 instrument (Malvern Instruments Ltd., U.K.). For 
Dh measurement, the refractive indices (RI) of the dispersant (water) and parti-
cles were set to 1.33 and 1.4 respectively. The scattering angle at 90º was used 
for the measurement. A dip cell probe was used to determine the ζ potential. 
The samples were measured with automatic voltage. The Helmholtz-Smolu-
chowski equation (Bhattacharjee, 2016) was used to acquire the ζ potential re-
sults. Three measurements were recorded for Dh and ζ potential and the average 
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values were used for reporting of data. The apparent ζ potential of chitosan or 
catlig was measured as described for the particles. 

AFM. A MultiMode 8 atomic force microscope (AFM) equipping with a Na-
noScope V controller (Bruker Corporation, U.S.A.) was used to characterize the 
morphology and/or mechanical properties of the LNPs or hy-LNPs. The LNP 
thin films were prepared either by adsorption (see section 3.2.2) or by deposit-
ing the particle dispersion (ca. 3 μL of 2 mg/mL) on the mica substrate followed 
by ambient drying.  

Morphology (Paper II and V): the images were obtained in tapping mode 
using NCHV-A probes (Bruker) under ambient conditions. The images were 
processed with Nanoscope Analysis (version 1.5, Bruker). No image processing 
except flattening was performed. 

Young’s modulus (E) measurement (Paper I): the E of LNPs were measured 
in Force mode under ambient conditions. A RTESPA-525 probe (kc: 200 N/m, 
f0: 525 kHz) was adapted for the measurements. A clean mica substrate was 
used to calibrate the deflection sensitivity (36 nm/V) of the probe and the actual 
Kc (115.8 N/m) was obtained by fitting the resonance frequency peak (obtained 
from thermal tune) with a Lorentzian curve (Butt et al., 2005). A standard PS 
substrate with the Young’s modulus of 2.7 GPa (Brucker) was used to calibrate 
the radii of the probe at different indentation depths. The indentation speed was 
controlled at 1 μm/s and the radius of the tip was set to 50 nm (corresponding 
to 2-3 nm indentation depth). The Nanoscope Analysis (version 1.5, Bruker) was 
used for the data analysis. The Hertzian (Spherical) model was used to fit the 
force curves at the force boundary between 5 and 50 % using the Poisson’s ratio 
of 0.3. The force boundary correlated well to the indentation depth between 2-
3 nm. A total number of 2048 data points (two images of 32 x 32 pixels) were 
recorded for the LNPsacetone or LNPsTHF.  

ImAFM (Paper I): An MFP-3D Asylum (Oxford Instruments Asylum Re-
search Inc., Santa Barbara, CA) equipping with an Intermodulation Products 
AB (Segersta, Sweden) was used to determine the stiffness (k) of LNPs. The sam-
ples were prepared as descripted in section 3.2.2. The used AFM probe was the 
Pointprobe plus (PPP-NCHR, Nanosensors Neuchâtel, Switzerland). This probe 
has the resonance frequency (f0) of 309.9 kHz, spring constant (kc) of 27.2 N/m 
and quality factor (Q) of 487.3. The radius of the tip was estimated to ~10 nm 
and the indentation depth was between 2 and 8 nm. The force curves (1 x 1 μm2 
at the resolution of 256 x 256) were obtained using amplitude-dependent force 
spectroscopy (IM ADFS) method (Huang et al., 2017; Ghasem Zadeh Khorasani 
et al., 2019). 128 x 128 force curves were analyzed with SOFA (Silbernagl et al., 
2021) that were used for reporting of data. 

TEM Imaging (Paper I). The images were obtained using a JEOL JEM-
3200FSC field emission cryo-TEM, under the operation conditions at 300 kV in 
bright field mode with an Omega-type Zero-loss energy filter. The samples were 
prepared as follows: 200 mesh Cu grids with ultrathin carbon support film 
(Electron Microscopy Sciences) were cleaned with plasma using Gatan Solarus 
(Model 950) plasma cleaner for 30 seconds and then the 10 nm fiducial gold 
nanoparticles were loaded as markers. LNPs were loaded by placing 3 μL of the 
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aqueous LNP dispersion (~0.02 wt%, diluted with DI water) on the grid, the 
excess water was blotted using filter paper, followed by ambient drying over-
night. The temperature of the sample was controlled at ˗187 °C and the images 
were acquired using the Gatan Digital Micrograph software.  

SerialEM and Electron tomography reconstruction (Paper I). The 
tilt series of 2D TEM projections were used to reconstruct the 3D electron tomo-
graphic images (Publication I). The samples were prepared as described above. 
The collection of the tilt series and processing were performed according to pre-
viously reported procedures (Nonappa et al., 2016, 2017; Nonappa and Engel-
hardt, 2019). In brief, tilt series of 2D projections were acquired using the Seri-
alEM-software package (Mastronarde, 2005). The specimen was tilted between 
+69º and -69º using an increment step of 2-3° in low-dose mode. Prealignment, 
fine alignment and cropping of the obtained tilt series were performed with 
IMOD (Kremer et al., 1996). To reduce noise and computation times, the images 
were binned for 2–4 times. The reconstruction was carried out using a custom 
made maximum-entropy method (MEM) program (Engelhardt, 2007) on Mac 
cluster with a regularization parameter value of λ = 0.001. The USCF Chimera 
was used to generate the volumetric graphics.  

Cryo-TEM Imaging (Paper I). For Cryogenic Transmission Electron Mi-
croscopy (Cryo-TEM) imaging, 3 μL of the LNP aqueous dispersion (0.02 wt%) 
was loaded on the plasma cleaned (30 s oxygen plasma flash) copper grids sup-
ported with Lacey carbon films (300 mesh, Ted Pella, Inc.). The excess water 
was removed using an automatic plunge freezer (EM GP2, Leica Microsystems) 
with a blotting time of 3 s under 90% humidity, followed by vitrification in a 1:1 
(v/v) liquid propane/ethane mixture. The vitrified samples were cryo-trans-
ferred to the microscope and the specimen temperature was maintained at -187 
°C. The Cryo-TEM images were obtained using a JEOL JEM-3200FSC field 
emission cryo-TEM (JEOL) operating at 300 kV in bright field mode with an 
Omega type Zero-loss filter. The images were acquired with Gatan Digital Mi-
crograph software.  

SAXS (Paper I). The particle size and porosity were measured with small-
angle X-ray scattering (SAXS) using a Xenocs Xeuss 3.0 C device equipping with 
a GeniX 3D Cu microfocus source (wavelength λ = 1.542 Å) and EIGER2 R 1M 
hybrid pixel detector at the sample-to-detector distance of 1 m. The LNPacetone 
(0.67 wt%), LNPTHF (0.34 wt%) dispersions and SKL solution (1 wt%) were pre-
pared for analysis. The samples were injected into a capillary flow cell and the 
data were collected at the same spot of the glass capillary. The measured inten-
sities were corrected for cosmic radiation (integrated azimuthally over a full cir-
cle, divided by transmitted direct beam intensity, normalized to absolute scale 
using a glassy carbon sample) and background-subtracted using data measured 
for the background solution (H2O for LNPs and 0.1 M NaOH for SKL). The cor-
rected and background-subtracted intensities were finally scaled to units of mm-

1 by dividing by the thickness of the capillary (1.5 mm). The magnitude of the 
scattering vector was defined as , in which θ is corresponding to half 

of the scattering angle. 
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The diameter of the LNPs was determined by fitting the SAXS intensities with 
an analytical model for homogeneous spheres with log-normal size distribution, 
as described elsewhere (Sipponen et al., 2020). For calculating the specific sur-
face area, the “invariant” Q was determined from the experimental SAXS inten-
sities (I(q), in absolute units) by equation:  

 (1) (Porod, 1982) 

For fitting, the intensity was extrapolated using the Guinier law (
) at low q and the Porod law ( ) at high q.  

The scattering length density difference between the LNPs and water (Δρ) was 
calculated from equation: 

 (2) (Porod, 1982)  
using the volume fractions ϕ of the LNPs. Thus, the scattering length density of 
the LNPs was obtained by assuming the value of 9.469×10-6 Å-2 for water. The 
surface-to-volume ratio S/V was determined from the SAXS intensities by using 
equation:  

 (3) (Porod, 1982) 

and Δρ from Eq. 2. The specific surface area of LNPs in suspension was obtained 
from S/V by dividing it by the volume fraction ϕ and mass density (1.4 g/cm3) 
of the particles (Spalla et al., 2003). 

Contact angle measurement. The static water contact angles (WCAs) of 
LNPs in Paper II were measured using an automated theta flex optical tensi-
ometer (Biolin Scientific, Sweden). The LNP monolayer and Lignindissolved films 
were prepared as described in section 3.2.2, which were then conditioned at 15% 
or 50% relative humidity at 23 ºC for 48 h prior to measurement. A volume of 
ca. 6.5 μL water was deposited onto the sample and 60 images were recorded at 
1 s interval, the last 50 images were used to calculate the WCA. Mean value of 
triplicate measurements at two or three different positions were used for report-
ing of data. 

The static water contact angles (WCAs) of the heat-treated and non-treated 
LNPs and hy-LNPs in Paper V were measured using a KSV CAM 2000 (KSV 
Instruments Ltd, Finland). The size of the water droplet was controlled at 
around 6.0 μL. A video camera was used to record 40 images (one image per 
sec), and the last image was used for WCA calculation. The samples were pre-
pared by direct adsorption method as described in section 3.2.2. Mean value of 
at least triplicate measurements was used for reporting of data. The WCA of the 
substrate (PLL-modified silicon wafer) was measured to 48.6 ± 3.7º. 

31P NMR (Paper V). The hydroxyl and carboxylic groups of the LNPs and 
hy-LNPs were quantitatively determined with phosphorus-31 nuclear magnetic 
resonance (31P NMR) using a Bruker Avance III 400 MHz spectrometer (Gran-
ata and Argyropoulos, 1995). The samples were prepared as follows: ~30 mg (or 
~20 mg for hy-LNPs40 and hy-LNPs50) of the dried particle powders were dis-
solved in the solvent mixture of 0.8 ml of DMF : pyridine : chloroform-d6 (0.4 : 
0.6 : 1, v/v/v) that contained the relaxation agent chromium(III) acety-
lacetonate (1.63 μmol) and the internal standard of N-hydroxy-5-norbornene-
2,3-dicarboxylic acid imine (10 μmol). The hydroxy and carboxylic groups were 
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phosphitylated with 0.15 ml of 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphos-
pholane (Sigma-Aldrich). A total of 128 scans were recorded for sample analysis 
using 1 s acquisition time and 5 s pulse delay (zgig with 90º pulse angle). 

ATR-FTIR (Paper V). The infrared (IR) absorbance of the LNPs and hy-
LNPs was measured with an attenuated total reflection - Fourier transform in-
frared spectroscopy (ATR-FTIR) (PerkinElmer, Spectrum Two FT-IR Spec-
trometer). The mean values from 4 scans at the resolution of 1 or 0.25 cm-1 were 
used for reporting of data. 

XPS (Paper V). The heat-treated (150 ºC, 1 h) and non-treated LNPs sam-
ples were measured with X-ray photoelectron spectroscopy (XPS) using Kratos 
Analytical AXIS Ultra equipping with DLD detector. High resolution at 286.7 
eV was used to obtain the chemical information. 

DSC (Paper V). The curing behaviour of the LNPs and hy-LNPs were meas-
ured with differential scanning calorimetry (DSC) using a Mettler Toledo DSC 
3+. The particle dispersions were freeze-dried and then loaded (5 to 11 mg) in 
40 μl aluminium pans for DSC measurement. The samples were heated from 25 
to 200 ºC, cooled down to 25 ºC and then heated up to 200 ºC at 10 ºC/min. 
After DSC measurements, mass loss of the samples was observed due to the 
evaporation of the residual water. The mass loss was < 0.2% for hy-LNPs30, hy-
LNPs40 and hy-LNPs50; 1-3% for hy-LNPs10 and hy-LNPs20, and 3-4% for 
LNPs. Three identically samples were prepared, and the average values were 
used for reporting of data. 

Adhesive strength analysis (Paper V). The concentrated hy-LNPs30 
aqueous dispersion (~41 wt% solid content, obtained from the sediment after 
centrifugation at 11000 rpm for 30 min) was used for the adhesive analysis. The 
dispersion was loaded on the cut birch veneers (11.5 x 2 x 0.15 cm3) over an area 
of 1 cm2 using two different loading concentrations (~0.10 and ~0.27 kg/m2). 
Afterwards, the veneers were hot-pressed at 160 °C and 0.7 MPa for 10 minutes. 
A commercial multi-purpose epoxy adhesive comprising of an epoxy resin and 
a hardener purchased from Loctite (Germany) was used for comparison. The 
commercial adhesive was loaded on the veneers at the concentration of ~0.20 
kg/m2, which were then pressed at 0.7 MPa for 20 min followed by ambient 
conditioning for 24 h at room temperature. An automated bonding evaluation 
system (ABES) (Adhesive Evaluation Systems Inc, United States) was used to 
obtain the adhesive strength. To obtain the wet adhesive strength, the cured 
samples were immersed in DI water at room temperature for 48 h. Mean value 
± standard deviation of at least three samples were used for reporting of data. 

3.3.3. Composite film characterization 

Tensile testing (Paper III). Mechanical properties of the nanocomposite 
films were analyzed using a universal testing machine (Instron 4204, USA) 
equipping with a 100 N load cell. For measurement, the edges of the film speci-
mens (50 x 5 mm2) were glued onto a paper frame to avoid slippage during the 
tensile test. The stress-strain curve was obtained at the strain rate of 2 mm/min 
in the atmosphere of 50% relative humidity at 23 °C. Young’s modulus (E) was 
calculated based on the initial linear region of the stress-strain curve and tensile 
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toughness was calculated by integrating the area underneath the stress-strain 
curve. Mean value ± standard deviation of minimum seven samples were used 
for reporting of data.  

Water permeability (Paper III). Water permeability of the CNF film and 
lignin-CNF nanocomposite films was tested in a suction filtration device (full 
water flow suction) and under ambient pressure. During the measurement, 100 
mL of DI water was added in the Millipore filtration funnel on the film, and the 
amount of water permeating through the film was weighed at time intervals. 

Optical properties and antioxidant activity (Paper III). Transmit-
tance of the films (thickness of about 85 μm) was determined using a UV−vis 
spectrophotometer (Shimadzu UV-2550). The antioxidant property of the films 
was determined using the method reported by Re et al. (1999) with a few modi-
fications. In brief, the freshly prepared ABTS●+ radical cation stock solution was 
first prepared by diluting with water until reaching an absorbance of 0.6 at 734 
nm at 25 °C. For measurement, the prepared circular film specimens (1‒4 mg) 
were mixed with 2 mL of ABTS●+ radical cation solution at 25 °C using a Stuart 
tube rotator SB2. For calibration, 20 μL of the aqueous tannic acid (0.02‒0.50 
mg/mL) was added into 2 mL of ABTS●+ radical cation. After one hour mixing 
of the components at 25 °C protected from light, the absorbance at 734 nm was 
recorded. Reduction of the absorbance was calculated by subtracting the blank 
(ABTS●+ radical cation, 1 hour after preparation). The films were measured in 
triplicates and the standards in duplicates. The antioxidant activity results were 
expressed as tannic acid equivalents (TAE) relative to the dry weight of the film 
sample, i.e. mg TAE per g of the film. 

3.3.4. Pickering emulsion characterization 

Diameter and uniformity of emulsion droplets (Paper IV). The drop-
let diameter of the emulsion was determined by static light scattering using a 
Mastersizer 2000 (Malvern, UK). To obtain the diameter distribution, the emul-
sions were added dropwise to the DI water to reach the laser obscuration be-
tween 6 to 12. The refractive indexes (RI) of olive oil and water were set to 1.47 
and 1.33 respectively. Mean droplet diameter was calculated over the volume 
data of d43 (De Brouckere Mean Diameter). Uniformity of the droplets was cal-
culated according to: 

 (4) 

in which d(v, 0.5) is the median diameter, Xi is the volume fraction in %, and 
di is the diameter in diameter class i in the volume-based distribution. Mean 
values of six measurements of the droplet diameter (d43) and uniformity were 
used for reporting of data. 

Confocal microscopy (Paper IV). The emulsions stabilized by 1 wt% chi-
LNPs (50 mg/g) were measured with a confocal laser scanning microscope us-
ing a Leica DMRXE (Germany) equipment. Prior to the measurement, the emul-
sions were diluted 50 times with DI water or 6 wt% STP aqueous solution, fol-
lowed by staining the oil with Nile red (1 mg/mL in ethanol) (ca. 50 μl Nile red 
in 1 ml emulsion). For imaging, a drop of the Nile red-stained emulsion (5 μl) 
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was placed on the glass slide and the images were obtained at the wavelength of 
488 nm using 10× air objective or 63× oil immersion objective.  

Optical microscopy (Paper IV). A Leica Zeiss (DM750) optical micro-
scope was used for imaging the Pickering emulsions without staining. 

Ciprofloxacin release study (Paper IV). The release of ciprofloxacin 
from the emulsion droplets was performed in the buffer solutions of pH 2 (0.1 
M HCl-KCl), pH 5.5 (0.05 M PBS) and pH 7.4 (0.05 M PBS) at 37 °C. At each 
pH, a volume of 1.2 mL of the ciprofloxacin-loaded emulsion (50% oil phase) 
was added into 60 ml buffer solution. The aliquots at various time intervals were 
taken and filtered through a 0.2 μm syringe filter for UV/vis analysis. The con-
centration of the released ciprofloxacin in the buffer was calculated based on the 
absorbance at 277 nm according to the calibration curve (SI of Paper IV), the 
absorbance was corrected by subtracting the blank sample (emulsion without 
ciprofloxacin) due to the interference of the absorbance resulting from minor 
dissolution of LNPs. The ciprofloxacin-loaded samples were measured in quad-
ruplicates and the blank samples (without ciprofloxacin) in duplicates. 

3.3.5. Other methods 

MD simulations (Paper I). Three lignin models (model L1, L2 and L3) 
were constructed for simulations (see the structural information in Figure 7b), 
which were constructed based on the recently reported information for soft-
wood (Kraft) lignin (Mattsson et al., 2017; S. Lancefield et al., 2018; Balakshin 
et al., 2020, 2021). The molecular formulars of model L1, L2 and L3 are 
C68H74O22, C69H74O23 and C68H78O23, respectively. Model L1 contained 5 phe-
nolic OH, 4 aliphatic OH, 1 carboxylic OH and 1 carbonyl groups; model L2 con-
tained 3 phenolic OH, 7 aliphatic OH and 1 aldehyde groups; model L3 con-
tained 5 phenolic OH, 6 aliphatic OH and 1 carboxylic OH groups 

The simulations were performed using the Gromacs v2019.5 simulations soft-
ware (Berendsen et al., 1995; Spoel et al., 2005; Abraham et al., 2015; Páll et al., 
2015). The CHARMM General force field v.4.1 was used to analogously derive 
parameters for lignin models (Vanommeslaeghe et al., 2010, 2012; Va-
nommeslaeghe and MacKerell, 2012; Yu et al., 2012). Parameters for acetone, 
DXN, DMSO and THF were taken from the CHARMM c36 force field (Klauda 
et al., 2010; Denning et al., 2011; Guvench et al., 2011; Best et al., 2012; Hart et 
al., 2012). Water was described using the compatible TIP3P explicit water model 
(Jorgensen et al., 1983; MacKerell et al., 1998). Five different solvent systems 
were used for solvent - lignin interaction analysis, namely 100% water, aqueous 
acetone (75 wt%), aqueous THF (75 wt%), aqueous DXN (75 wt%) and aqueous 
DMSO (75 wt%). The molecular numbers of the solvents for simulations were 
4811 for 100% water, 954 acetone and 1031 water for aqueous acetone, 838 THF 
and 1132 water for aqueous THF, 753 DXN and 1227 water for aqueous dioxane, 
and 812 DMSO and 1164 water for aqueous DMSO. One lignin model molecule 
was used for simulation, and the corresponding weight percentages of the model 
(L1, L2 or L3) in the solutions were 1.4 wt%, 1.7 wt%, 1.5 wt%, 1.4 wt%, and 1.5 
wt%, respectively. 



Materials and Methods 
 

27 

Simulation procedure: first, an initial energy minimization of 50000 steps by 
the steepest descent method was performed, followed by an NVT ensemble sim-
ulation of 10 ns for initial equilibration. Finally, the simulation run was contin-
ued by a 200 ns NPT ensemble MD simulation. The last 150 ns of the NPT run 
were used for analysis and reporting of data. A time step of 2 fs was used in the 
simulations. The temperature was controlled using the stochastic velocity re-
scale thermostat with a time constant of 0.1 ps and a reference temperature of 
300 K (Bussi et al., 2007). The pressure was controlled using the Parrinello–
Rahman barostat with a time constant of 2 ps and a reference pressure of 1 bar 
(Parrinello and Rahman, 1981). The long-range electrostatic interactions were 
calculated using the PME method (Essmann et al., 1995). The Van der Waals 
interactions were described using the Lennard-Jones potential and a 1.0 nm 
cut-off (direct cut-off, no shift). LINCS (Hess et al., 1997) and SETTLE (Miya-
moto and Kollman, 1992) algorithms were used to constrain the bonds involving 
H atoms in the model SKL and water molecules, respectively. To determine the 
solvent accessible surface area (SASA), a probe with the radius of 0.14 nm was 
used. VMD was used for the visualizations (Humphrey et al., 1996). Hydrogen 
bonding was assessed based on geometric criteria where the acceptor−donor 
distance is less than 0.35 nm and hydrogen – donor – acceptor angle is less than 
30°. 

QCM-D (Paper II, V). Quartz crystal microbalance with dissipation moni-
toring (QCM-D, E4, Q-Sense, Sweden) was used for the swelling and stability 
studies of LNPs and (cured) hy-LNPs20. In Paper II, the LNPs were adsorbed 
onto the PLL-modified gold sensors (see description in section 3.2.2) prior to 
measurement. The aqueous HCl solution (pH 4.5) was used to obtain the base-
line. After obtaining the stable baseline, aqueous HCl or NaOH solutions with 
the pHs of 6.0, 8.0, 10.0, 11.0 and 12.0 were pumped stepwise. A film prepared 
from dissolved SKL (see the film preparation description in section 3.2.2) was 
used as a comparison sample.  

In Paper V, in-situ adsorption of the LNPs and (cured) hy-LNPs20 as well as 
the pH swelling and stability of the particles were performed. PLL-modified 
gold sensors were used for adsorption of the particles, the baseline was obtained 
using pH 5 HCl solution. The particle dispersions were pumped at the concen-
tration of 0.5 mg/mL (pH 5). Afterwards, aqueous HCl or NaOH solutions with 
the pH of 5, 8, 10 and 12 were pumped stepwise to elucidate the pH swelling and 
stability of the particles.  

For all the experiments mentioned above, the pumping rate was controlled at 
0.1 mL/min and the chamber temperature at 25ºC. For calculation, the change 
of mass (sensed mass) was calculated according to Sauerbrey equation (Sauer-
brey, 1959) as follows: 

 (5) 
in which Δm is the change of mass, Δf is the change of resonance frequency, C 

is a constant (0.177 mg/m2 Hz) describing the sensitivity of the device, n is the 
overtone number (n = 1, 3, 5, 7, 9, 11, n =1 represents the fundamental frequency 
at 4.95 MHz). The dissipation factor D is defined as:  

 (6) 
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in which Edis and Est represent the dissipated and stored energy, respectively 
during one oscillation cycle. The dissipation change is calculated as: ΔD = D - 
D0, D0 is the baseline dissipation. For reporting of data, either the third or the 
fifth overtone of frequency change (Δf3, Δf5) and dissipation change (ΔD3 ΔD5) 
were used.



Results and Discussion

4.1. Fundamental understanding of the solvent effects on 
LNP size 

4.1.1. Solvent effects on LNP size 

To understand the solvent effects on the particle size of LNPs, two commonly 
used solvent systems, namely aqueous acetone and aqueous THF, were used to 
dissolve softwood Kraft lignin (SKL) and to form spherical LNPs by pouring of 
the lignin solution into the non-solvent of water. The mass ratio of acetone or 
THF to water was controlled at 3 : 1, because SKL showed the highest solubility 
around this ratio (Boeriu et al., 2014; Leskinen et al., 2017; Domínguez-Robles 
et al., 2018; Lintinen et al., 2018). The resulting particles are termed as LNP-
sacetone and LNPsTHF, respectively. 

As revealed by TEM and cryo-TEM images (Figure 6a,b), both LNPsacetone

and LNPsTHF showed spherical nature in dry and dispersion states. Based on the
TEM images, the mean diameters of LNPsacetone and LNPsTHF were calculated to 
47 ± 13 nm and 66 ± 22 nm, respectively, and LNPTHF showed a broader distri-
bution than LNPsacetone (Figure 6c). The same diameter of 47 nm has been re-
ported earlier for the same prepared LNPsacetone using TEM (Sipponen et al., 
2020). In dispersion states, the mean diameters of LNPsacetone and LNPsTHF were 
44 ± 16 nm and 61 ± 21 nm, respectively, which were obtained using a model of 
homogeneous spheres with log-normal size distribution to analyze the SAXS 
data measured for LNP dispersions (Figure 6d,e). The similar mean particle 
diameters obtained from dry and dispersion states suggests that both LNPs are 
“inert” to hydration/dehydration. The “inert” nature of LNPs was also revealed 
by their minor swelling upon change in pH (6 - 11) detected by QCM-D (see in 
section 4.2.2).
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Figure 6. Morphologies and size distributions of LNPs. (a-c) TEM images & cryo-TEM images
(inset), and particle diameter distributions of LNPsacetone and LNPsTHF. The distributions were cal-
culated using Gauss Fitting Function (Origin Pro) based on over 300 particles from TEM images
(More TEM images can be found in the SI of Paper I). (d) SAXS intensities of the LNPacetone, 
LNPTHF dispersions and SKL solution (points), and fits (solid line) of a model for solid spheres 
(LNPs) or Guinier law for dissolved SKL. The Guinier fit yields the radius of gyration (Rg) of 1.6 
nm for SKL. (e) The log-normal distributions of the particle diameters of LNPsacetone and LNPsTHF
resulting from the SAXS analysis. Reproduced from Paper I (submitted).

Moreover, the number-based mean Dh of LNPsacetone and LNPsTHF were 59 ± 
16 nm and 100 ± 30 nm, respectively (measured at the dispersion concentration 
of ~0.02 wt% with DLS), which further indicated a smaller particle size and 
higher uniformity of LNPsacetone. While comparing ζ potentials, the obtained val-
ues were similar for the two LNPs, which were -34.8 mV (measured at pH 4.7) 
and -33.0 mV (measured at pH 4.6) for LNPsacetone and LNPsTHF, respectively.

4.1.2. Investigations on the solvent - lignin interactions with MD sim-
ulations

To understand the underlying reason for the solvent effects on the particle size 
of LNPs, molecular dynamics (MD) simulations were employed to analyze the 
solvent - lignin interactions. Except aqueous acetone (75 wt%) and aqueous THF 
(75 wt%), two additional solvent systems, namely, aqueous DXN (75%) and 
aqueous DMSO (75 wt%), were used to confirm the solvent effects on the LNP 
size. The morphology of the LNPs prepared from the different solvent systems 
are shown in Figure 7a. The cross-sectional height profiles suggest that the 
LNP size has the following order: LNPsDMSO < LNPsacetone < LNPsTHF ~ LNPsDXN

(the exact sizes of LNPsDMSO and LNPsDXN were not calculated due to strong ag-
gregation of these particles in both dry and wet states).

Three lignin models (model L1, L2 and L3) with seven guaiacyl (G) units were
constructed for the simulations (Figure 7b). The lignin models were generated 
based on the recently reported knowledge for softwood (Kraft) lignin (Mattsson 
et al., 2017; S. Lancefield et al., 2018; Balakshin et al., 2020, 2021). Model L1 is 
the representative of SKL, L2 represents milled softwood lignin, and L3 has the 

d e

ca

400 nm 400 nm

b

20 40 60 80 100 120 140
Diameter (nm)

 LNPsacetone
 LNPsTHF

LNPsAcetone LNPsTHF



Results and Discussion 
 

31 

interunit linkages similar to the native softwood lignin and functional groups 
similar to SKL. The functional groups, interunit linkages and condensation of 
L1 and L2 were justified rather correctly. Detailed H-bonds analysis reveals that 
all the solvents can form H-bonds with the lignin models, and water behaves as 
the most efficient hydrogen bonder (Figure 7c,d). Comparison of the number 
of H-bonds reveals that the H-bond formation is independent on the precise 
structure of the lignin model, and only related to the hydrophilic groups. In all 
lignin model cases, the number of H-bonds between the organic solvent and the 
lignin models has the following order: DMSO > acetone ~ DXN > THF. Such 
order matches well with the solvent - SKL interaction parameters in a reverse 
manner (Table 1). Choi et al. (2002) previously reported that the higher the 
solvent - polymer interaction parameter, the smaller the poly(D,L-lactide-co-
glycolide) (PLGA) NPs prepared by nanoprecipitation. However, the observed 
LNP size order in our case do not agree with Choi et al. We note that other pa-
rameters including solvent - nonsolvent interaction parameter, supersaturation 
level and/or viscosity of the binary solvents could also contribute to LNP size 
(Bilati et al., 2005; Kwon and Hyeon, 2011; Lepeltier et al., 2014). However, they 
do not fully explain the LNP size order (Table 1). 
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Figure 7. (a). AFM height images of LNPs prepared from aqueous acetone, aqueous THF, aque-
ous DXN and aqueous DMSO (Scale bar: 330 nm), and the cross-sectional height profiles of 
LNPs corresponding to the black dashed lines in AFM images. (b) The lignin model structures
with seven guaiacyl units as representatives used for simulations. (c) Number of H-bonds be-
tween water and the lignin models in aqueous acetone (75 wt%), aqueous THF (75 wt%), aque-
ous DXN (75 wt%), aqueous DMSO (75 wt%) and water. (d) Number of H-bonds between the 
organic solvent and the lignin models in aqueous acetone (75 wt%), aqueous THF (75 wt%), 
aqueous DXN (75 wt%) and aqueous DMSO (75 wt%). Note that for H-bonds between water and
lignin, water behaves as both acceptor (O atom) and donor (H atom) of H-bonds, the numbers 
are the sum of the two types of H-bonds. For H bonds between organic solvent and lignin, the 
organic solvent only acts as acceptor of H-bonds. Reproduced from Paper I (submitted).

Table 1. Solubility degrees of 1 wt% SKL in the 75 wt% and 21wt% aqueous organic solvents (s75
and s21) and the corresponding supersaturation level (S), Hansen solubility parameter (δ) and 
molar volume (V) of the organic solvents, solvent - SKL interaction parameter (χsolvent-SKL), solvent 
- water interaction parameter (χsolvent-water), and the dynamic viscosity (η) of the 21 wt% aqueous 
organic solvent. In this context, “solvent” refers to the organic solvent, “non-solvent” refers to 
water. Reproduced from Paper I (submitted).
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Aqueous 
acetone

1.00 ± 
0.01

0.12 ± 
0.01

8.3 20.0
(Burke, 
1984)

74.1 1.6 5.6 1.3
(Dizechi and 
Marschall, 1982)

Aqueous 
THF

1.01 ± 
0.02

0.11 ± 
0.01

9.2 19.4
(Burke, 
1984)

81.0 2.1 6.9 1.6
(Mahendra Nath 
Roy et al., 1994)

Aqueous 
DXN

1.04 ± 
0.04

0.13 ± 
0.01

8.0 20.5
(Burke, 
1984)

85.5 1.6 5.4 1.3
(Besbes et al., 
2009)

Aqueous 
DMSO

1.04 ± 
0.06

0.009 ± 
0.001

115.6 26.7
(Burke, 
1984)

71.0 0.01 3.2 1.4
(Carmen Grande 
et al., 2007)

a Dissolved lignin concentration divided by initially added lignin concentration, average value of two repli-
cates are shown; b Ratio of the solubility degrees of 1 wt% SKL in 75 wt% and 21 wt% aqueous organic 

solvents; c Calculated according to (Choi et al., 2002), Vsolvent: mo-
lar volume of the solvent, Hansen solubility parameter of δSKL = 27.4 MPa0.5(Sameni et al., 2017) ; d Cal-

culated according to (Bilati et al., 2005), δwater = 47.8 MPa0.5 (Burke, 1984).
T of 298.15 K is used for all the calculations.

We hence further analyzed the hydrophobic interaction between the solvent 
and lignin. The interaction trends are the same for the different lignin models, 
the radius distribution function (RDF) results suggest that the interaction dis-
tances between the solvent and lignin follows: DMSO < acetone < THF ~ DXN
(Figure 8 shows the RDFs of L1. RDFs of L2 and L3 are reported in the SI of
Paper I). The order agrees well with the order of the LNP size. This result com-
bined with the solvent - lignin H-bonds result suggest that the stronger the sol-
vent - lignin interaction, the smaller the LNP size. Consistent with this, it has 
been reported that the higher affinity of the solvent towards polymer leads to
smaller particle size, due to hampering of solvent release from polymer to non-
solvent during solvent exchange process (Schubert et al., 2011).

Figure 8. Radial distribution function (RDF) of the organic solvent around the (a) methoxy group
and (b) benzene ring of the model L1 in aqueous acetone (75 wt%), aqueous THF (75 wt%), 
aqueous DXN (75 wt%) and aqueous DMSO (75 wt%). The RDF is calculated using the C atom 
of the organic solvent and the C atom of the methoxy groups or benzene rings of the model L1.
Reproduced from Paper I (submitted).

4.2. Intrinsic properties of LNPs

4.2.1. Internal morphology, porosity, and mechanical properties

Internal morphology. Electron tomography (ET) reconstruction was 
adapted to obtain the 3D structures of LNPs and their internal morphologies. 
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The ET images show spherical nature of both LNPsacetone and LNPsTHF (Figure 
9a,d). In addition, as revealed by the cross-sectional views, the spherical LNPs 
are composed of smaller building blocks and are rather homogeneous in density 
distributions (Figure 9b,c,e). This finding verifies that LNPs are essentially 
compact solid particles despite the broad molecular weight distribution of SKL 
(see Materials section). However, it needs to be emphasized that in some cases 
hollow or core-shell structured LNPs are obtained if the organic solvent con-
tains impurities or the organic solvent is incompletely removed. For instance, 
Xiong et al. (2017a) used analytical-grade THF (containing e.g. toluene) to dis-
solve enzymatic hydrolysis lignin (EHL) and obtained hollow structure LNPs 
after nanoprecipitation, whereas chromatographic-grade THF led to compact 
LNPs. They proposed that the hollow structure is caused by the impurity of e.g.
toluene, which is enriched inside LNPs as it is not miscible with water. Li et al.
(2016) adapted analytical-grade ethanol and Kraft lignin to prepare LNPs (non-
spherical), and found that the removal of ethanol with dialysis yielded more 
compact particles. In fact, during the removal of the organic solvent, the lignin 
molecules (small ones) remaining in soluble state precipitate out and fill the 
pores/holes of LNPs, as reported by Sipponen et al. (2018b).

Figure 9. 3D-reconstructed electron tomographic (ET) images of LNPs based on the tilt series of
2D TEM images between ± 69º. (a) 3D and (b,c) cross-sectional views of LNPsacetone (scale bar: 
20 nm). (d) 3D and (e) cross-sectional view of LNPsTHF (scale bar: 60 nm). Notably, the density 
differences of the two LNPs cannot be compared to each other because the electron density bar 
is in relative. The 10 nm fiducial gold particles were used as markers (see the red dots in d).
Reproduced from Paper I (submitted).

Porosity. The surface areas and intraparticle porosity of the two LNPs were 
determined using SAXS and N2 adsorption-desorption method. SAXS resulted 
in the specific surface areas (total interface between the solid material and water) 
of 78 and 58 m2/g for LNPsacetone and LNPsTHF, respectively, calculated based on 
the extrapolated intensities following Guinier law at lower q and Porod law at 
higher q (Figure 10) (Vainio et al., 2004). These values are of the same order 
compared to the theoretical surface areas of monodispersed and homogeneous 
spheres with the diameter and density similar to LNPs, indicating that the sur-
face areas originated from the outer surface of LNPs. In addition, the validity of 
Porod law on a q-range from 0.02 to 0.1 Å-1 reveals that the inner structure of 
the LNP is homogeneous in the length scale of 5 to 30 nm, which agrees well 
with the cross-sectional views of LNPs observed in Figure 9. Nevertheless, we 
notice that the scattering length densities (Table 2) of the LNPs obtained based 
on SAXS data were slightly lower compared to that (12.623×10-6 Å-2) calculated 
by assuming a composition of 65.4 wt% C, 5.8 wt% H, 26.2 wt% O, 1.5 wt% S 
and 0.1 wt% N (Tomani, 2010) and density of 1.4 g/cm3 (Vainio et al., 2004) for 
SKL. This might be explained by the presence of some water molecules inside 
the particles due to the presence of the hydroxyl groups. The solidity of LNPs is 
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also supported by the surface area results measured with N2 adsorption-desorp-
tion. The surface areas (total interface between the solid material and N2) of 
LNPsacetone and LNPsTHF determined using this method were 41 and 39.7 m2/g, 
respectively. These values are smaller compared to that measured by SAXS, 
likely ascribing to the aggregations of the particles as they were freeze-dried and 
degassed prior to measurements, whereas in SAXS experiments the particles 
were measured in dispersion state. Previously, Sipponen et al. (2020) reported 
an intraparticle pore diameter of ca. 5.5 nm for LNPsacetone, which was deter-
mined with 0.2 wt% LNP aqueous dispersion using differential scanning calo-
rimeter (DSC) following the thermoporometry-DSC (tp-DSC) method. Such 
method calculates the porosity based on the freezing point depression (ΔT) of 
confined water in pores and assumes cylindrical pore geometry (Driemeier et 
al., 2012; Pihlajaniemi et al., 2016). However, the SAXS results in this study 
suggest that there are no regular pores at the diameter above 5 nm. The pore 
size of 5.5 nm measured with tp-DSC is likely overestimated. Nevertheless, the 
tp-DSC results indicate that there are confined water molecules inside the par-
ticles, which explains a lower scattering length density of the LNPs vs SKL de-
termined with SAXS. Zhao et al. (2021) recently reported an intraparticle pore 
diameter of ca. 1 nm and surface area of 348-405 m2/g for carbonized lignin 
supraparticles, measured using N2 adsorption-desorption method. The lignin 
supraparticles before carbonization are essentially assembled LNPsTHF with the 
presence of 2.5 wt% cellulose nanofibrils. Indirectly, these results suggest that 
the intraparticle pore diameter of LNPs could be less than 1 nm before carboni-
zation. 

Figure 10. Fitting of the SAXS intensity with Guinier and Porod laws beyond the measured q-range 
for (a) LNPsacetone and (b) LNPsTHF, for calculating the total interface area between the solid ma-
terial and water. The extrapolation to low q is justified by the synchrotron-SAXS data reported 
previously for LNPsacetone prepared with the same method (Sipponen et al., 2020), a levelling-off 
behaviour was observed when extending q to a smaller value. Reproduced from Paper I (submit-
ted).

Table 2. SAXS determined scattering length density and specific surface area of LNPsacetone and LNPsTHF

(see the fits in Figure 10). Reproduced from Paper I (submitted).
Volume 

Fraction (%)a
Scattering Length 
Density (10-6 Å-2)

Specific Surface 
Area (m2/g)

LNPsacetone 0.479 11.8 78

LNPsTHF 0.243 12.4 58
a Calculated based on experimental concentration of the particle dispersion and a reported density of SKL 
(1.4 g/cm3) (Vainio et al., 2004).

Mechanical properties. The mechanical properties of LNPs, specifically, 
their stiffness (k) and Young’s modulus (or elastic modulus, E) were measured 

a bba
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with ImAFM and AFM, respectively. The ImAFM revealed that the measured k 
decreased linearly from the top-middle to the top-edge of the particles (SI of 
Paper I). To obtain a reliable correlation between k and the particle size, only 
the k values from the very top region of the particles (within first derivative to-
mography of ± 0.2, see the SI of Paper I) were selected to plot against the 
particle height. The plots reveal that the k values of LNPsacetone or LNPsTHF are 
rather similar at the heights between 15 and 80 nm (Figure 11a). For heights 
below 15 nm, there is strong contribution to the measured k from the stiffer sub-
strate (silicon wafer coated with a thin film of poly-L-lysine). While comparing 
the average k values of LNPsacetone and LNPsTHF, the former seemed slightly 
larger at all heights. However, it must be considered that the error bars of k val-
ues are large and partly overlap. The error bars are specifically large for LNPsTHF, 
suggesting that there is a considerable variability between the stiffness of differ-
ent particles of the same size (at least within few nanometers from the particle 
surface). However, this speculation needs further confirmation. Overall, the 
size-independency of k agrees to the solidity and homogeneous nature of LNPs 
regardless of the particle size. 

To compare and complement the ImAFM results that provided stiffness in ar-
bitrary units, the E of LNPs (2048 data points for each LNP sample) was meas-
ured with conventional AFM in Force Volume mode (see the E and height image 
profiles in the SI of Paper I). It turned out that the E values of the LNPsacetone 
and LNPsTHF were similarly distributed in the range between 0.3-4 GPa at the 
height above 60 nm (Figure 11b). At the height below 60 nm, there is signifi-
cant contribution from the substrate to the measured modulus. Nevertheless, it 
needs to be emphasized that the E values between 0.3 and 4 GPa also contains 
the data points measured from the off-top surfaces of the particles, since the E 
could not be selected from the very top region of the particles due to a low reso-
lution of the obtained images (see in the SI of Paper I). Hence, the lower E 
boundary of 0.3 GPa could be in fact shifting to a higher value if only the top-
most region of the particles could be selected. Nevertheless, the E values of LNPs 
are comparable to that of PS NPs (1 - 3 GPa) (Guo et al., 2014), which could 
potentially replace them in many applications.  
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Figure 11. (a) Stiffness (k) plotted against the height of LNPsacetone and LNPsTHF, obtained from 
the ImAFM results. The stiffness data were selected from the very top region of the particles. (b) 
Young’s modulus (E) plotted against the height of LNPsacetone and LNPsTHF, determined with con-
ventional AFM in Force Volume mode. The height was manually shifted to start from around 0 
nm. The dashed line at 4 GPa roughly separates the E resulting from mainly from the substrate
(above 4 GPa) and from the particles (below 4 GPa). Reproduced from Paper I (submitted).

4.2.2. Wetting, swelling, and solubility properties

The wetting property. The wetting property of LNPs is important for 
understanding of LNP formation mechanism as well as for their applications. In 
general, LNPs showed a hydophilic surface nature as indicated by the static 
water contact angles (WCAs). The average WCAs of LNPTHF and LNPacetone at 
15% relative humidity (RH) were 21.5° ± 2.6° and 32.9° ± 2.3°, respectively 
(Figure 12). At a higher RH of 50%, the WCAs of LNPTHF and LNPacetone further 
decreased to 17.1° ± 0.9° and 26.8° ± 0.8°, due to the binding of more water 
molecules. These results suggest that the surface of LNPs are enriched with 
hydrophilic groups (aliphatic, phenolic and carboxylic OH). The WCA results 
are in consistance with the negative ζ potentials of LNPs mentioned earlier. A 
lower WCA of LNPsTHF compared to LNPsacetone is likely attributing to a higher 
surface roughness of LNPsTHF as predicted by the Wenzel model (Wolansky and 
Marmur, 1999). The root mean squared roughness (Rq) of LNPsTHF film was 
27.1 ± 1.0 nm , while for LNPacetone film it was 17.5 ± 1.3 nm.
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Figure 12. WCA profiles of LNPTHF, LNPacetone monolayer films prepared via direct adsorption and 
Lignindissolved thin film prepared from dissolved SKL via spin-coating. Reproduced with permission 
from Paper II.

In contrast to LNPs, the thin film prepared from dissolved SKL (Lignindissolved) 
displayed average WCAs of 58.5° ± 1.4° at 15% RH and 62.8° ± 2° at 50% RH. 
The results are in agreement with previously reported WCAs of SKL thin films 
(Notley and Norgren, 2010; Sipponen et al., 2017). The WCA difference is 
reasonable, since Lignindissolved differs from LNPs with less hydrophilic moieties 
exposed to the air. Indirectly, the WCA results support the self-assembly 
mechanism of LNPs, that is, the larger SKL molecules with a higher 
hydrophobicity supersaturate first and form the core of LNPs, while smaller SKL 
molecules with a higher hydrophilicity are enriched on the surface of LNPs 
(Qian et al., 2014b; Sipponen et al., 2018b).

Swelling and stability upon change in pH. The swelling and stability of 
LNPs in aqueous media at different pHs play a pivotal role on their applica-
tions/processing where a certain pH is required. To determine such properties 
with high accuracy, we employed QCM-D and AFM. The LNP films were pre-
pared by adsorption of LNPs onto PLL-modified gold sensors, which were then 
subjected to a variety of pHs ranging from 6 to 12. The Lignindissolved and a blank 
sample (PLL-modified gold sensor) were prepared as the reference. As revealed 
by QCM-D measurement (Figure 13a-d), a stepwise increase of pH from 6 to 
11 resulted in the stepwise decrease in the change of resonant frequency (Δf5) of 
both LNPTHF and LNPacetone. However, the minor change in dissipation factor 
(ΔD5) suggests that the water molecules mainly adsorbed to the particle sur-
faces, but did not induce swelling of the particles. While increasing the pH to 12, 
both LNPs were totally dissolved as indicated by the sharp increase of Δf5, as 
also confirmed with AFM (SI of Paper II). In contrast to LNPs, the Lignindis-

solved showed a rather minor change of both Δf5 and ΔD5 upon change in pH, 
probably due to a less accessible hydrophilic groups of SKL by water molecules 
and/or a relative lower total mass of the Lignindissolved film compared to the LNP 
film.

LNPsTHF LNPsacetone Lignindissolved
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Figure 13. (a-b) Change in frequency (Δf5) and dissipation factor (ΔD5) as the increase of the pH 
from 6 to 12 for LNPacetone, LNPTHF and Lignindissolved thin films. (c-d) Magnified views of Δf5 and 
ΔD5 between pH 6 and 10. (e-g) The AFM height images of LNPacetone, LNPTHF and Lignindissolved
thin films, respectively, after being exposed to pH 10. Reproduced with permission from Paper II.

Interestingly, in a replicate QCM-D experiment, a slight increase of Δf5 of the 
LNPs at pH 10 was observed (SI of Paper II). The AFM results reveal that after 
pH 10 treatment, the particles retained well their integrity (Figure 13e,f). 
However, a decrease in the particle height as well as the surface roughness was 
observed (SI of Paper II). Such results suggest that there was some desorp-
tion/dissolution of lignin fragments from the outer surface of the LNPs at pH 
10. These lignin fragments are probably the small SKL molecules, which are lo-
cated at the particle surface and are more soluble in alkaline conditions than the 
larger ones. 

4.3. Surface modifications of LNPs for nanocomposites and 
Pickering emulsions

As aqueous acetone results in smaller LNPs with higher uniformity compared 
to aqueous THF, it was used for the preparations of all the LNPs for further 
modifications and applications. Hence, all the LNPs mentioned onwards refer 
to LNPsacetone if not otherwise stated.

4.3.1. C-LNPs as nanofillers for nanocomposites with CNFs

The rigid nature and colloidal stability of LNPs enable them to be applied as 
nanofillers for CNFs in aqueous media. To enhance the interactions between 
LNPs and CNFs, LNPs were coated with catlig at various mass ratios. Suffi-
ciently stable c-LNPs dispersion was obtained when the mass ratio of catlig to 
LNPs was above 100 mg/g, as indicated by the Dh (less than 150 nm) and ζ po-
tential (above +23 mV at pH 3.7) of the particles (see more details in the SI of 
Paper III). The c-LNPs (catlig : LNPs = 150 mg/g) were selected to analyze 

LNPsTHF

LNPsacetone

LNPsTHF
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their concentration effect on the mechanical properties of the c-LNPs - CNFs 
nanocomposite films.

The c-LNPs were added to the CNFs at a weight percentage (relative to the 
total dry mass) of 2 to 50 wt%, and the obtained representative stress-strain 
curves of the ambient-dried (50 % RH) composite films are shown in Figure 
14a. Obviously, the c-LNPs concentration had a strong effect on the stress and 
strain of the composite film. At 10 wt%, the resultant composite film showed the 
highest strain (16.2 ± 1.8 %) and toughness (15.9 ± 2.2 MJ/m3) compared to 
other weight percentages (Figure 14b). The toughness value was almost two 
times higher than that of the pure CNF film. Such significant improvement in 
strain and toughness is proposed to attribute to the ball bearing lubricating ef-
fect of c-LNPs, that is, the particles could transfer the stress upon stretching of 
the composite film by breaking down the hydrogen bonding between the CNFs. 
This explanation is also supported by the fact that the morphology of lignin 
shows a significant effect on the toughness of the composite film (Figure 14b). 
The addition of 10 wt% LNPs to CNFs resulted in a slightly lower but similar 
toughness (15.5 ± 2.0 MJ/m3) compared to c-LNPs. While addition of the SKL 
slurry with random-shaped/sized lignin particles, or the water soluble catlig to 
CNFs led to a significant lower toughness of the composite films (Figure 14b). 
It needs to be added that, the positive charge of c-LNPs exhibited only a minor 
influence on the final toughness of the composite films. The c-LNPs at the catlig 
to LNPs ratios above 100 mg/g all resulted in similar toughness of the composite 
films (SI of Paper III), probably because the CNFs had a weak anionic charge. 

Figure 14. Mechanical properties of lignin-CNF nanocomposite films (ambient-dried at 50% RH). 
(a) Representative tensile stress − strain curves of the c-LNP - CNF nanocomposite films with the 
weight percentage of c-LNPs up to 50 wt%. The c-LNPs were prepared with the mass ratio of 
catlig to LNPs at 150 mg/g. (b) Toughness of the lignin-CNF nanocomposite films with different 
morphological and charged lignins. Mean value ± standard deviations of at least five replicants 
are shown. Reproduced with permission from Paper III.

The water permeability of the composite films was tested under ambient pres-
sure and room temperature (Figure 15). Interestingly, the lignin either in the 
particle form or in soluble form led in all cases to water resistance of the ambi-
ent-dried composite films. The addition of 2 to 20 wt% lignin resulted in a com-
plete water impermeability of the composite films. While at 50 wt% of lignin (c-
LNP), some leaking of water was observed likely caused by the unevenness of 
the film. In contrast, the ambient-dried CNF film could not resist the permea-
tion of water. While the hot-pressed CNF film showed a similar water resistance 
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as the composite films (2 and 20 wt% lignin). The water resistance of the lignin 
- CNF composite film can be explained by the physical blocking of the interfi-
brillar pores of CNFs by lignin, which has a similar effect as the hot-pressing of 
CNFs that reduces the interfacial porosity of CNFs. Such water-resistant prop-
erty of the lignin - CNF film is important for its application such as for packag-
ing. 

Figure 15. Water permeability of the ambient-dried (50 % RH) and hot-pressed (HP) CNF and 
lignin - CNF composite films as a function of time under ambient pressure and room temperature. 
Reproduced with permission from Paper III. 

The UV-barrier and antioxidant properties of the composite films were also 
measured. As anticipated, the presence of lignin provided the composite films 
with UV-blocking and antioxidant properties (Figure 16). At 10 wt% c-LNPs or
LNPs, the composite films blocked the light in the UV region (200 to 400 nm) 
completely, while still enabled the transmittance of the light in the visible region 
(Figure 16a). In contrast, the addition of 10 wt% SKL or 50 wt% c-LNPs 
blocked both the UV and visible light regions, due to the uneven and/or thick 
distribution of lignin in the composite films. The pure CNF film showed a higher 
transmittance in the visible light region compared to the composite films (10 
wt% c-LNPs or LNPs), but also allowed the UV light to transmit. In terms of the 
antioxidant property of the c-LNPs - CNFs composite film, a higher lignin con-
tent resulted in a higher antioxidant activity of the film (Figure 16b). These 
properties of the composite films originate from the lignin, which contains p-
quinone, quinone methide, catechol and other phenolic groups that are able to 
scavenge the radicals (Ajao et al., 2018). These properties are essential for the 
application of the composite films for instance in packaging.
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Figure 16. (a) UV-vis light transmittance spectra of the lignin - CNF composite films. (b) Effect of 
lignin content on the antioxidant activity of the c-LNPs - CNFs composite films. Reproduced with 
permission from Paper III.

4.3.2. Chi-LNPs as Pickering particles for olive oil stabilization for bi-
omedicine

Pickering emulsions are stabilized by solid particles at the oil/water interface 
(Pickering, 1907). They are more stable against coalescence than conventional 
surfactant-stabilized emulsions, because much higher energy is required to re-
move solid particles from the oil/water interface (Binks, 2002; Rayner et al., 
2014; Berton-Carabin and Schroën, 2015). Hence, Pickering emulsions play an 
important role in the applications such as in biomedicine, cosmetics, or food 
(McClements, 2015; Tang et al., 2015; Yang et al., 2017). In these applications, 
both the Pickering particles and the oil phase need to be non-toxic. The reported 
non-toxic Pickering particles include hydroxyapatite, silica, chitosan, protein 
etc. (Yang et al., 2017). Non-toxic vegetable oils have been often used as the oil 
phase, since they are not only good solvents for lipophilic drugs, but are also 
able to increase the intestinal wall permeability in drug delivery application
(Kalepu et al., 2013).

LNPs are biocompatible (Remédios et al., 2016; Figueiredo et al., 2017; Sid-
diqui et al., 2020), antioxidant & UV-shielding (Figure 16), and reasonable
cheap (Ashok et al., 2018) particles, which hold strong potential as the alterna-
tive stabilizers for Pickering emulsions. However, unmodified LNPs are not able 
to efficiently stabilize vegetable oils. Sipponen et al. (2017) modified LNPs 
through adsorption of cationic lignin, which could improve the emulsification 
capacity towards olive oil to some extent, but the resultant Pickering emulsion 
was not sufficiently stable. 

To address this issue, chitosan was utilized to modify LNPs for olive oil stabi-
lization in this thesis. Chitosan has shown good emulsification capacity towards 
vegetable oil both in the form of dissolved molecules (Schulz et al., 1998; Del 
Blanco et al., 1999; Rodrı́guez et al., 2002) and particles (Mwangi et al., 2016a; 
Shah et al., 2016; Asfour et al., 2017). In addition, chitosan possesses biologi-
cally relevant properties such as biocompatibility, biodegradability, bio-adhe-
sion and antimicrobial activity (Pavinatto et al., 2010; Croisier and Jérôme, 
2013; Asfour et al., 2017). Hence, the combination of the antimicrobial chitosan 
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and antioxidant LNPs appears as a plausible way to stabilize vegetable oils that 
can potentially be used for biomedicine, cosmetics, or food. 

The coating of LNPs with chitosan and the emulsification capacity of chitosan-
coated LNPs (chi-LNPs) towards olive oil were firstly systematically studied. 
The optimized Pickering emulsion was finally demonstrated with ionic cross-
linking for enhanced mechanical properties and for loading & release of lipo-
philic drug. A general view of the study is illustrated in Figure 17.

Figure 17. Illustration of the coating of LNPs with chitosan for forming Pickering emulsion with
olive oil, and ionic cross-linking and drug delivery demonstrations of the emulsion droplets (not 
drawn to scale). Reproduced from Paper IV (Open Access).

Effect of chitosan to LNP mass ratio on the particle properties. The 
LNP dispersion (0.2 wt%) with the mean Dh (Z-average) of around 100 nm and 
ζ potential of -27 mV (measured at the native concentration of 0.2 wt% and pH
of 3.9) was used to assess the effect of mass ratio of chitosan to LNPs on the 
properties of the resulting particles. Theoretically, the adsorption of chitosan 
onto LNPs is driven mainly by the entropy gain of the released counterions from 
both LNPs and chitosan (Kronberg et al., 2014). 

In general, increase of the mass ratio of chitosan to LNPs led to an increase of 
the ζ potential of chi-LNPs. At 10 mg/g chitosan to LNPs, the surface change of 
LNPs was neutralized, leading to aggregation and sedimentation of the chi-
LNPs. Increase of the mass ratio to 20 mg/g reversed the ζ potential from neg-
ative (-27 mV) to positive (17.6 mV). However, at 20 mg/g, the positive charge 
was not sufficient to provide the particles with strong eletrostability, as indi-
cated by the higher mean Dh and broader distribution of the Dh compared to 
those coated with more chitosan (Figure 18a,b). This could be attributed to an 
insufficient coverage of the LNPs by chitosan.
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Figure 18. Chitosan-coated LNPs (chi-LNPs) with the mass ratio of chitosan to LNPs varying 
from 0 to 200 mg/g. (a) Z-average hydrodynamic diameter (Dh) and ζ potential of chi-LNPs as a 
function of the mass ratio of chitosan to LNPs. (b) Intensity-based Dh distributions of chi-LNPs. 
(c) Z-average Dh and (d) ζ potential of chi-LNP75, chi-LNP100 and chi-LNP200 plotted against 
the chi-LNP concentration, the pH of the chi-LNP dispersions were maintained at 4.5 by dilution 
with pH 4.5 acetic acid. Note that chi-LNP10 dispersion was not measured due to its strong ag-
gregation and sedimentation. Reproduced from Paper IV (Open Access).

Increase of the mass ratio to 35 mg/g of chitosan to LNPs resulted in a stable 
aqueous chi-LNPs dispersion, as reflected by the higher ζ potential (24.6 mV) 
and the much narrower Dh distribution compared to 20 mg/g (Figure 18a,b). 
Further increase of the mass ratios resulted in similar Dh distributions of chi-
LNPs compared to 35 mg/g (Figure 18b), but a slight increase of the mean Dh

and ζ potential was observed (Figure 18a). Such a phenomenon might be due 
to the presence of excess chitosan in the aqueous phase. With excess chitosan 
relative to the LNP surfaces, the larger chitosan molecules were more prone to 
adsorb than smaller ones due to lower solubility/stability of the large chitosan 
molecules in solution (Fu and Santore, 1998; Terada et al., 2004; Kronberg et 
al., 2014). Taking chi-LNPs (≥ 75 mg/g) as the examples, the excess of chitosan 
was indicated by the increase of the mean Dh as the increase of the concentration
(Figure 18c). The excess chitosan probably attributed to an increase of the vis-
cosity of the aqueous phase, which led to an overestimation of the mean Dh

measured by DLS. Meanwhile, the ζ potentials remained essentially unchanged 
at the different concentrations of chi-LNPs (≥ 75 mg/g) (Figure 18d), suggest-
ing that there was no detectable desorption of chitosan upon dilution of the dis-
persion. 

Effects of chitosan to LNP mass ratio and the chi-LNP concentra-
tion on the emulsion formation. The chi-LNPs aqueous dispersions (0.2 
wt%) with the mass ratio of 0 to 200 mg/g of chitosan to LNP were used to form
oil-in-water Pickering emulsions with olive oil. The emulsions were generated 

10 100 1000
0

2

4

6

8

10

12

14

In
te

ns
ity

 (%
)

Hydrodynamic diameter Dh (nm)

LNPs
Chi-LNPs20
Chi-LNPs35
Chi-LNPs50
Chi-LNPs75
Chi-LNPs100
Chi-LNPs200

0

2

4

6

8

10a b

c d

0.00625 0.0125 0.025 0.05 0.1 0.2
100

120

140

160

180

200

In
te

ns
ity

-b
as

ed
 a

ve
ra

ge
 D

h (
nm

)

Concentration (wt%)

Chi-LNPs200
Chi-LNPs100
 Chi-LNPs75

0.025 0.05 0.1 0.2
10

20

30

40

50

60

70

80

ζ 
po

te
nt

ia
l (

m
V)

Concentration (wt%)

 Chi-LNPs75
 Chi-LNPs100
 Chi-LNPs200

Z-
av

er
ag

e 
D

h
(n

m
)

0 50 100 150 200
90

100

110

120

130

140

 Dh
ζ potential

Chitosan/LNPs (mg/g)

Z-
av

er
ag

e 
D

h (
nm

)

-50
-40
-30
-20
-10
0
10
20
30
40
50

ζ 
po

te
nt

ia
l (

m
V)

Δ
D

5



Results and Discussion

45

with ultrasonication at a fixed volume ratio of 1:1 of olive oil to chi-LNP disper-
sion. 

In general, the mass ratio of chitosan to LNP showed a significant influence 
on the emulsion formation. At a low mass ratio of chitosan to LNP (≤ 20 mg/g), 
the formed emulsions were poor. However, as the mass ratio increased to 35 
mg/g, there was a transition of the emulsion from poor to good as revealed by 
the optical microscopic images (Figure 19a). This transition correlated well to 
the particle stability transition of chi-LNPs from 20 to 35 mg/g. Hence, a stable 
chi-LNPs, i.e., a sufficient coverage of LNP by chitosan is essential for stabiliza-
tion of olive oil. This finding is probably due to the limited emulsification capac-
ity of the regular anionic LNPs (Sipponen et al., 2017) and the good emulsifica-
tion capacity of the cationic chitosan for vegetable oils (Schulz et al., 1998; Del 
Blanco et al., 1999; Rodriguez et al., 2002).

Figure 19. Effects of chitosan to LNP mass ratio and the chi-LNP concentration on the formation
of the olive oil-in-water (volume ratio 1:1) Pickering emulsions. (a) The optical microscopic images 
(scale bar: 200 μm), (b) the mean oil droplet diameter and uniformity (Eq. 4), and (c) the oil droplet 
distributions of the emulsions stabilized by chi-LNPs (0.2 wt%) with the mass ratio of chitosan to 
LNPs varying from 0 to 200 mg/g. (d) Diameter distribution of the oil droplets stabilized by 0.2, 
0.5 and 1.0 wt% chi-LNPs at the fixed mass ratio of 50 mg/g of chitosan to LNP. Reproduced from 
Paper IV (Open Access).

As the mass ratio of chitosan to LNP increased to 50 mg/g, the mean diameter
of the oil droplets was reduced to ~25 μm (Figure 19b) and distributed mainly 
between 10 and 100 μm (Figure 19c). This could be attributed to the presence 
of free chitosan, which was likely involved in the emulsion formation and re-
duced the coalescence of the oil droplets during formation. Further increase of 
the mass ratio from 50 to 200 mg/g could decrease the mean oil droplet diam-
eter to a small extend due to more free chitosan (Figure 19b), but the distribu-
tion range did not change (Figure 19c). The mean droplet diameter of ~25 μm 
is considerably small compared to the vegetable oil-in-water Pickering emul-
sions stabilized with chitosan particles alone or as mixtures with STP (Mwangi 
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et al., 2016a; Shah et al., 2016). Moreover, the chi-LNP concentration (~0.2 
wt%) relative to the oil phase in the present work was relatively low compared 
to the literature. For instance, 0.5 wt% of cationic lignin-coated LNPs were used 
for an incomplete stabilization of olive oil/water emulsion (Sipponen et al., 
2017), while the concentrations for chitosan particles range from 0.3 wt% (oleic 
acid-in-water) (Asfour et al., 2017) to 1.2 wt% (medium chain triglycerides-in-
water) (Mwangi et al., 2016b).  

The concentration effect of chi-LNP on the emulsion formation was evaluated 
with chi-LNPs50. Three different concentrations (0.2, 0.5 and 1 wt%) of chi-
LNP dispersions were used to form emulsions with olive oil (volume ratio 1:1) 
by ultrasonication. As expected, higher concentration of chi-LNP dispersion re-
sulted in emulsions with smaller mean droplet diameter and better uniformity 
(Figure 19d). At the highest concentration of 1 wt% chi-LNP dispersion, the 
formed emulsion showed the smallest mean droplet diameter of ca. 17 μm with 
the highest uniformity of 0.3. The uniformity value of 0.3 outperforms the value 
of 0.5 reported for palm oil/water Pickering emulsion stabilized by aggregated 
chitosan particles (Mwangi et al., 2016a). As another comparison, chitosan mol-
ecules alone formed rather inhomogeneous oil droplets with olive oil (SI of Pa-
per IV).  

Stability and surface morphology of the emulsion. The emulsion sta-
bilized by 1 wt% chi-LNPs50 exhibited a strong stability against coalescence, as 
indicated by the unchanged droplet diameter distributions over 2 months (Fig-
ure 20a), and the same emulsion profile after 6 months (SI of Paper IV). 
Such strong stability stemmed from the high energy requirement for the desorp-
tion of chi-LNPs from oil/water interface, the positive charge of the chi-LNPs 
that provided electrostatic stabilization (Binks and Clint, 2002; Rayner et al., 
2014) , as well as the relative high viscosity of the emulsion (Figure 20b). For 
comparison, the emulsions stabilized by only dissolved chitosan totally coa-
lesced after six months (SI of Paper IV). The surface morphology of the oil 
droplet was analyzed with AFM, which showed partly embedded chi-LNPs on 
the surface (Figure 20d). Such observation suggested that the chi-LNPs have 
a strong affinity towards the olive oil.  
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Figure 20. Stability and surface morphology of the Pickering emulsion stabilized by 1 wt% chi-
LNPs50. (a) Diameter distributions of the oil droplets on day 1, day 14 and day 60 after the emul-
sion formation. (b) Creaming behavior of the emulsion as a function of time measured with Tur-
biscan (the height was chosen at the backscattered intensity of 0.5, see in the SI in Paper IV). 
(c) The confocal microscopic images (oil was stained by Nile red) of the emulsion droplets and 
(d) the surface morphology of the oil droplet measured with AFM (in liquid state). For (c) and (d) 
the oil droplets were ionically cross-linked by sodium triphosphate (STP) prior to measurement. 
Reproduced from Paper IV (Open Access).

Ionic cross-linking of the oil droplets for enhanced mechanical per-
formance. The emulsion stabilized by 1 wt% chi-LNPs50 was selected for ionic 
cross-linking. Sodium triphosphate (STP) was used because of its low toxicity 
(Human and Environmental Risk Assessment, CAS: 7758-29-4) and its ability 
to cross-link chitosan (Mwangi et al., 2016a; Shah et al., 2016; Larbi-
Bouamrane et al., 2017). As anticipated, ionic cross-linking of the oil droplets 
provided them with significantly improved mechanical performance, which re-
tained the oil phase when being subjected to drying and rewetting (Figure 21).
In comparison, the non-cross-linked oil droplets easily broke down after drying 
and released the oil. With the exception of the polymerized oil phase using Pick-
ering emulsion as the template (Zhang et al., 2010; Wang et al., 2012), essen-
tially all of the previous works have observed shell rupture of the oil droplets
upon drying (Rijn et al., 2011; Sipponen et al., 2017). The rewettable emulsion 
holds potential for change of the aqueous phase or evaporation-induced diffu-
sion of the oleophilic substances into the oil droplets. Moreover, compared to 
the chemical cross-linking of lignin capsules demonstrated by Tortora et al. 
(2014), the ionic cross-linking can be easily achieved under ambient conditions 
and is reversible. The reversibility means that the cross-linkers can be released 
from the oil droplets upon dilution by water, which is beneficial for dissembling 
and digestion of the oil droplets when being served as drug carriers.
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Figure 21. The optical microscopic images of the olive oil-in-water (volume ratio 1:1) Pickering 
emulsions stabilized by 1 wt% chi-LNPs50 (Scale bars: 80 μm). (a) STP cross-linked and (b) non-
cross-lined emulsions at wet state, dry state, and after rewetting with water. Reproduced from 
Paper IV (Open Access).

Ciprofloxacin encapsulation & release by the emulsion. As a demon-
stration for biomedical application, the emulsion stabilized by 1 wt% chi-
LNPs50 was used for the encapsulation & release of ciprofloxacin at simulated 
physiological conditions (at pH 2, 5.5 and 7.4 at 37 °C). Ciprofloxacin is an an-
tibiotic drug (Zeiler and Grohe, 1986), which has potential synergic effect with 
chi-LNPs that possess antimicrobial activities (Croisier and Jérôme, 2013; Beisl 
et al., 2017a). The results are shown in Figure 22a. Overall, the release rate of 
ciprofloxacin from the oil droplets to the buffer solution was rather fast regard-
less of the pH. The concentration of the buffer solution almost levelled-off after 
1 h mixing with the drug-loaded emulsions. If compared, the levelling-off con-
centration was lower at pH 7.4 than pH 2 and 5.5, mainly due to a lower solu-
bility of the drug at a higher pH of the aqueous solution (Maurer et al., 1998). 
The fast release was probably related to the large size of the interparticle pores 
of the oil droplets. As a result, the emulsion may be more suitable for encapsu-
lation & release of large/macromolecular cargos. Apart from that, the emulsion 
without ciprofloxacin showed higher stability at acidic pH compared to pH 7.4, 
as indicated by the partial dissolution of LNPs detected by the UV absorbance 
at 277 nm (Figure 22b). 
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Figure 22. Ciprofloxacin encapsulation & release from the oil droplets (stabilized by 1 wt% chi-
LNPs50) to the buffer solutions with different pHs. (a) Ciprofloxacin release kinetics at pH 2, 5.5 
and 7.4 at 37 °C, the error bars indicate the standard deviations of four replicates. (b) Absorbance 
at 277 nm of the reference oil droplets (without ciprofloxacin) at pH 2, 5.5 and 7.4, the error bars 
indicate the average deviations of two replicates. Note that the concentration of ciprofloxacin was 
measured based on its absorbance at 277 nm. Reproduced from Paper IV (Open Access).

4.4. Bulk modification of LNPs for covalent surface function-
alization and particulate adhesives

The objective of this study was to develop the bisphenol A diglycidyl ether 
(BADGE) - SKL hybrid LNPs (hy-LNPs), which could be either intraparticlely
cross-linked for surface functionalization under harsh conditions, or inter- and 
intrapartically cross-linked for application as waterborne wood adhesives. A 
general view of this work is illustrated in Figure 23.

Figure 23. A schematic illustration of the preparation path of the BADGE-SKL hy-LNPs and the
dual applications of these particles. (1) Co-dissolution of softwood Kraft lignin (SKL) and bisphenol 
A diglycidyl ether (BADGE) in the aqueous acetone (75 wt%). (2) Nanoprecipitation of SKL and 
BADGE solution against water to form BADGE-SKL hy-LNPs (acetone was removed by dialysis). 
(3a) At BADGE 20 wt%, the hy-LNPs can be internally cross-linked in dispersion state for
covalent cationization with glycidyl trimethylammonium chloride (GTMA) at pH 12 via epoxy 
chemistry. (3b) At BADGE 30 wt%, BADGE can be released from the hy-LNPs induced by 
heat, thus enabling their inter- and intracross-linking for use as adhesives. Adapted with permis-
sion from Paper V.

Characterization of the BADGE-SKL hy-LNPs. The hy-LNPs with the 
BADGE content varying from 10 to 50 wt% (hy-LNP10 to 50) were prepared by 
nanoprecipitation using the solvent system of aqueous acetone, LNPs without 
BADGE were prepared as the reference. The preparation parameters, the ob-
tained concentrations and yields of the particles are summarized in Table 3.

Table 3. Preparation parameters, final obtained concentrations and yields of the BADGE-SKL hybrid LNPs 
and the regular LNPs. Adapted with permission from the SI of Paper V.
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Sample code 

Weight percent-

age of BADGE 

relative to SKL 

(wt%) 

Initial total 

concentration 

of BADGE and 

SKL solution 

(wt%) 

Final obtained 

concentration 

of the particles 

in water (wt%) 

Yield 
(wt%) 

LNPs 0 1 0.23 85.3 

hy-LNPs10 10 1 0.19 78.8 

hy-LNPs20 20 1 0.21 ± 0.01a 79.3 ± 2.2a 

hy-LNPs30 30 1 0.20 ± 0.01a 72.5 ± 3.7a 

hy-LNPs40 40 1 0.19 ± 0.01a 70.1 ± 3.0a 

hy-LNPs50 50 1 0.19 ± 0.02a 69.8 ± 0.7a 
a Mean value ± absolute deviation of two batches. The pH values of all the final obtained 

aqueous dispersions were between 4 and 5. 

 
The successful loading of BADGE in the hy-LNPs were confirmed with ATR - 

FTIR and 31P NMR spectroscopy. The ATR-FTIR results showed that the ab-
sorption bands at 1183 cm-1 and 915 cm-1 increased systematically with the in-
creased loading amount of BADGE in the hy-LNPs, the bands are assigned to 
the C-O aromatic ring stretching and C-O stretching of the oxirane group of the 
BADGE, respectively. (Figure 24a). The 31P NMR results further showed the 
newly formed aliphatic OH peaks (δ = 147.4, 146.7 and 146.0 ppm) for the hy-
LNPs, which originated from the ring-opening reaction of the oxirane groups of 
BADGE (Figure 24b). The ring-opening reactions occurred due to the attack 
by the nucleophilic phosphorylating agent. Note that for hy-LNPs40 or hy-
LNPs50, the ratio of the carboxylic OH to phenolic OH was significantly lower 
than that of the other hy-LNPs (Table 4), indicating that the carboxylic OH also 
involved in the ring-opening reaction and hence resulted in the precipitation of 
these particles. However, the precipitation could be prevented by storing the 
particle dispersions at a lower temperature of 4 °C compared to room tempera-
ture (SI of Paper V). The actual BADGE contents in the hy-LNPs were further 
calculated by dividing the phenolic OH of the hy-LNPs by that of the regular 
LNPs. Except for hy-LNPs50, the obtained BADGE content results agreed well 
with the theoretical values (Table 4).  
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Figure 24. (a) ATR-FTIR results of the hy-LNPs and the regular LNPs. (b) 31P NMR results of the 
hy-LNPs and the regular LNPs, the dashed rectangular box marks the newly formed aliphatic OH 
peaks (δ = 147.4, 146.7 and 146.0 ppm) of the hy-LNPs caused by the ring-opening reaction of 
BADGE. “*” denotes the precipitated samples due to carboxylic - oxirane reaction during the stor-
age at room temperature. Reproduced with permission from Paper V.

Table 4. The concentrations (mmol/g) of the aliphatic OH, phenolic OH and carboxylic OH of the hy-LNPs 
and the regular LNPs, calculated according to the quantitative 31P NMR spectroscopy shown above. Repro-
duced with permission from Paper V.

Sample Aliphatic OH Phenolic OH Carboxylic OH Total OH wt%*
LNPs 2.05 4.07 0.44 6.56 0
hy-LNPs10 2.42 3.68 0.35 6.45 10.5
hy-LNPs20 2.68 3.38 0.24 6.29 17.8
hy-LNPs30 2.34 2.73 0.22 5.28 33.6
hy-LNPs40* 2.29 2.24 0.10 4.63 45.5
hy-LNPs50* 2.43 1.43 0.04 3.91 65.2

* Experimentally determined BADGE content, calculated by (1 - phenolic OH of the hy-

LNPs/phenolic OH of the LNPs) x 100 %. 

The size distribution and morphology of the hy-LNPs were strongly affected 
by the BADGE content. In general, with the increase of the BADGE content, the 
size distribution of the hy-LNPs became broader (Figure 25). At the BADGE 
content ≤ 20 wt%, the hy-LNPs were relatively homogeneous in size distribu-
tions. While at the BADGE content ≥ 30 wt%, the size of the hy-LNPs shifted to 
both lower and larger values, and the smaller hy-LNPs predominated the total 
particles. This trend is especially obvious for hy-LNPs40 and hy-LNPs50. More-
over, the large particles of hy-LNPs40 and hy-LNPs50 showed collapsed surface 
morphology, which was ascribed to the liquid form of the BADGE. Nevertheless, 
the ζ potentials of the different hy-LNPs were similar to each other (Figure 
25b), suggesting that the non-charged BADGEs were well stabilized by the hy-
drophilic and charged SKL molecules. 
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Figure 25. (a) Volume-based hydrodynamic diameters (Dh) distributions, (b) ζ potential distribu-
tions, and (c) AFM height images (scale bar: 400 nm) of the hy-LNPs (BADGE content: 10 to 50 
wt%) and the regular LNPs (0 wt% BADGE). Reproduced with permission from Paper V.

Intraparticle cross-linking of the hy-LNPs for surface functionali-
zation. The hy-LNPs with BADGE ≤ 20 wt% exhibited strong colloidal stability 
under various thermal conditions (SI of Paper V), which were thus used for 
intraparticle cross-linking study. In contrast to the cured hy-LNPs10 (0.2 wt% 
in water at 105 °C for 24 h) that showed partial dissolution after extraction with 
aqueous acetone (75 wt%), the cured hy-LNPs20 (0.2 wt% in water at 105 °C for 
4 h) retained well their particle integrity after the same treatments (Figure 26). 
Hence, the cured hy-LNPs20 were used for further study. The curing concen-
tration of 0.2 wt% of hy-LNPs20 outperforms the enzymatic cross-linking of 
LNPs reported by Mattinen et al. (2018), who were able to stabilize LNP disper-
sion only at a dilute concentration of 0.01-0.03 wt%, as higher concentration 
led to interparticle cross-linking and aggregation of the particles.
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Figure 26. AFM height images show the resistance to aqueous acetone (75 wt%) of the cured 
hy-LNPs10 and hy-LNPs20 (scale bar: 330 nm). The curing of the hy-LNPs10 and hy-LNPs20
were performed in aqueous conditions (0.2 wt%) at 105 °C in sealed glass bottles for 24 and 4 h, 
respectively. Reproduced with permission from Paper V.

To further test the structural stability of the cured hy-LNPs20 under alkaline 
conditions, they were subjected to a various of alkaline pHs. For comparison, 
the uncured hy-LNP20 and the regular LNPs were also analyzed. As revealed by 
the QCM-D results, all the particles were stable and relatively “inert” at pHs up 
to 10. At pH 12, the cured hy-LNPs20 showed about 20% reduction in sensed 
mass (Figure 27a), and retained well their integrity as indicated by the AFM 
image (Figure 27b). In comparison, the regular LNPs were completely dis-
solved, while the uncured hy-LNPs20 retained about 70% of their mass in aver-
age. It was assumed that the intraparticle cross-linking occurred partially to the 
uncured hy-LNPs20 during the increase of the pH, since increase of the pH 
could accelerate the oxirane-phenol reaction (Shechter and Wynstra, 1956).
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Figure 27. (a) QCM-D results of the in-situ adsorption of the cured hy-LNPs20, the uncured hy-
LNPs20 and the regular LNPs, and their response to the pH between 5 to 12. PLL was used as 
the anchoring polymer for particle adsorption. (b) AFM height images show the morphology of the 
particles after pH 12 treatment in the QCM-D experiments (scale bar: 330 nm). Reproduced with 
permission from Paper V.

The robustness of the cured hy-LNPs20 at pH 12 enabled its surface function-
alization via base-catalyzed epoxy ring-opening reaction. As a demonstration,
they were subjected to covalent cationization with glycidyl trimethylammonium 
chloride (GTMA) at pH 12. The obtained cationized particles exhibited a pH 
switchable surface charge. They were positively charged at pH below 4 and neg-
atively charged at the pH above 6.5 (Figure 28a). From pH 4 to pH 6.5, the 
cationized particles underwent a transition from positive to negative, ascribing 
to the deprotonation of the carboxylic OH of SKL (pKa around 4 (Nypelö et al., 
2015; Mattinen et al., 2018)). Similar pH-responsive surface charge transition 
has been previously reported for c-LNPs prepared by adsorption of the catlig
(Sipponen et al., 2018a). If compared, the covalently cationized particles pre-
sented herein have the advantages of structural stability under various pH and 
solvent conditions. The morphology of the cationzed particles was revealed by 
AFM (Figure 28b), which was similar compared to the uncationized ones (Fig-
ure 26). The higher Dh (110 - 120 nm, Z-average) of the cationized particles
compared to that of the uncationized ones (Dh around 90 nm) can be related to 
slight aggregation in the aqueous media. 

Beyond the cationization, the cured hy-LNPs20 can be used for a plethora of 
other types of chemical functionalization under alkaline conditions, or for the 
applications where the particles need to retain their structural integrity under 
harsh environmental conditions.
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Figure 28. Covalent cationization of the cured hy-LNPs20 in dispersion state. (a) Z-average hy-
drodynamic diameter (Dh) and ζ potential of the cationized cured hy-LNPs20 plotted against pH. 
The shaded area shows the surface charge transition of the cationized particles. (b) AFM height 
image shows the particle morphology of the cationized particles (prepared from pH 2.3 particle 
dispersion). Reproduced with permission from Paper V.

Inter- and intraparticle cross-linking of the hy-LNPs for use as ad-
hesives. Hydrothermal treatments of the hy-LNPs (BADGE ≥ 30%) induced 
precipitation of these particles in aqueous conditions (SI of Paper V), suggest-
ing that the BADGE resided close to the surface of the particles and participated 
in the reaction with the carboxylic OH of the SKL molecules. Hence, they are 
suitable to be used as adhesives. The hy-LNPs30 were selected for adhesive 
demonstration due to their narrower size distribution (corresponding to more 
homogeneous fusing of BADGE and SKL) and higher stability in aqueous con-
ditions compared to hy-LNPs40 and hy-LNPs50 (SI of Paper V). 

The obtained dry and wet adhesive strength of the hy-LNP30 dispersion (41 
wt% solid content in water) for the birch veneers were 5.4 and 3.5 MPa, respec-
tively (Figure 29a). Both values significantly exceed the minimum dry/wet ad-
hesive strength requirements (2.34/1.93 MPa) for urea-formaldehyde type ad-
hesives according to ASTM-D4690. In comparison, the commercial epoxy ad-
hesive (two-components adhesive from Locktite) showed a poor wet adhesive 
strength that failed to meet the adhesive strength requirements (ASTM-D4690). 
It was claimed that in many cases epoxy adhesives cannot provide moisture-
durable bonds (Frihart, 2009). However, for hy-LNP30, it is assumed that the 
strong wet adhesive strength is attributed to an efficient penetration of the ad-
hesives into wood due to the presence of water, and the consumption of the hy-
drophilic OH (mainly phenolic OH) of SKL during reaction that rendered the 
adhesive more hydrophobic. In addition, as revealed by the SEM images, the hy-
LNPs30 were totally “molten” after hot-pressing at 160 °C (Figure 29b), sug-
gesting that the particles disintegrated and released BADGE during hot-press-
ing and achieved inter- and intraparticle cross-linking. Besides, it needs to be 
emphasized that the adhesive strength of hy-LNPs30 mainly originated from
the failure of the adhesives, as the veneers had a relatively high thickness of 1.5 
mm. Hence, the obtained adhesive strength is the full strength of the adhesive.
While using the 0.8 mm thick veneers, failure occurred to the wood (SI of Pa-
per V). 
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Figure 29. Demonstration of the hy-LNPs30 as waterborne adhesive for wood. (a) Adhesive 
strength of the hy-LNPs30 adhesive (41 wt% solid content in water) and a commercial epoxy 
adhesive from Loctite for birch veneers with the size of 11.5 x 2 x 0.15 cm3. Mean ± standard 
error of three replica is shown. The dashed lines show the minimum dry/wet adhesive strength 
requirements for urea-formaldehyde type adhesives according to ASTM-D4690. (b) Photographic 
profile and SEM images show the glued area (20 x 5 mm2) for the hy-LNPs30 adhesive after 
curing and adhesive test. Reproduced with permission from Paper V.

Furthermore, the hy-LNPs30 adhesive contains no volatile organic com-
pound, which makes them relatively green and safe compared to formaldehyde-
based adhesives that may release toxic formaldehyde during production and 
use. While comparing to other lignin-based adhesives that usually require the 
chemical modifications of lignin (Jablonskis et al., 2018; Zhang et al., 2019; Gi-
oia et al., 2020; Ott et al., 2020), this approach uses only the unmodified SKL
to form hy-LNPs with BADGE that holds strong environmental and economic 
benefits.

Dry curing study of the hy-LNPs to elucidate the cross-linking 
mechanism. To understand the cross-linking mechanism of the hy-LNPs, the 
particles were analyzed with DSC and WCA measurements. The DSC results 
showed two broad exothermic enthalpy peaks (ΔHexo1 and ΔHexo2) for the freeze-
dried hy-LNPs, and the ΔHexo2 dominated the total exothermic enthalpy (Fig-
ure 30a). It is speculated that the ΔHexo1 and ΔHexo2 correspond to the oxirane-
carboxyl and oxirane-phenol reactions, respectively, since phenolic OH are 
weaker nucleophiles compared to carboxylic OH and the concentration of the 
former is about 10 times higher than the latter (Table 4). In addition, with the 
increase of the BADGE content, both the peak curing temperature Tp(exo1) and
Tp(exo2) decreased. The decrease might be related to a thinner SKL shell of the 
hy-LNPs with the higher BADGE content. Besides, the hy-LNPs10, hy-LNPs20 
and the regular LNPs displayed the endothermic peaks at Tp(endo) > 170 ºC, which 
vanished during the second dynamic heating scans (SI of Paper V). Such ther-
mal behaviour of the particles differs from the raw SKL powder that showed no 
endothermic peak (SI of Paper V). The underlying reason remains unknown 
and hence further investigation is needed. As for the hy-LNPs with the BADGE 
≥ 30 wt%, no endothermic peaks were observed at T > 170 ºC, probably due to 
a higher cross-linking density of these particles compared to the ones with a 
lower BADGE content. 
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Figure 30. (a) DSC results of the first dynamic heating scans of the freeze-dried hy-LNPs 
(BADGE content: 10 to 50 wt%) and the regular LNPs (Heating rate: 10 °C/min). ΔHexo1, ΔHexo2
and Tp(endo) refer to the first exothermic enthalpy, second exothermic enthalpy and the endother-
mic peaks (for LNPs, hy-LNPs10 and hy-LNPs20), respectively. (b) Static WCAs of the particles 
after three different heat treatments: (1) at 100 °C for 1 h, (2) at 100 °C for 1 h, then gradually 
increasing the temperature to 150 °C and further heating at 150 °C for another hour, (3) at 150 
°C for 1 h. The uncured hy-LNPs and LNPs were measured for comparison. Mean ± standard 
error of at least three replicates is shown. Reproduced with permission from Paper V.

To gain more insights into the curing behaviours of the hy-LNPs, the wetting 
properties of the particles upon different heat treatments (see the description in 
the caption of Figure 30b) were analyzed with WCA measurements. It was
found that after heating at 100 ºC the WCAs of the hy-LNPs increased as the 
increase of the BADGE content in the hy-LNPs (Figure 30b). This phenome-
non correlated well with the precipitation of the hy-LNPs (BADGE ≥ 30 wt%) 
after hydrothermal treatment (SI of Paper V), ascribing to the oxirane-car-
boxyl reactions that reduced the surface charge of the hy-LNPs. In contrast, the 
untreated particles all showed the WCAs at around 20°, which agrees with the 
negative ζ potential results shown in Figure 25b. The WCA results further sup-
port that the charged SKL are enriched on the particle surface. Interestingly, the 
heating treatments at 150 ºC (either direct or with a pre-heating process) re-
sulted in the increase of the WCAs up to 75 - 80° for not only the hy-LNPs but 
also the regular LNPs (Figure 30b). To further investigate this phenomenon, 
the chemical compositions of the untreated and heat-treated (150 ºC, 1 h) LNPs 
were analyzed with XPS and 31P NMR (SI of Paper V). However, no observable 
differences were found. The heat-induced WCA increase of the LNPs might be 
caused by the reorientation of the hydroxyl groups on the particle surfaces, as 
also reported for e.g. wood or wax particles (Kocaefe et al., 2008; Forsman et 
al., 2020).
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Conclusions and Perspectives

In this thesis, the fundamental understandings of solvent effects on the intrin-
sic properties of LNPs were thoroughly investigated by combining a variety of 
complementary techniques and MD simulations. Moreover, different methods 
were developed to modify LNPs, which enabled them to be applied in a broader 
application field. The main findings and contributions of this thesis, as well as 
the perspectives are summarized below:

(1) (Paper I) The stronger the solvent - lignin interactions, the smaller the 
LNP size as suggested by MD simulations results. 

(2) (Paper I and II) LNPs prepared either from aqueous acetone or from 
aqueous THF were essentially compact and rigid particles. The stiffness of 
LNPs was independent from the particle size and the Young’s moduli were
roughly in the range of 0.3 - 4 GPa. In addition, the LNPs had a relatively 
homogeneous density and very low porosity in the internal structure, and 
relatively high hydrophilicity on the surface (WCAs: 15 to 35°). Upon in-
crease of pH from 6 to 10, the LNPs showed minor swelling due to mainly 
binding of water to the particle surfaces. These properties gained for LNPs 
supports the formation mechanism of LNPs: the larger and more hydro-
phobic SKL molecules build up the core, while the smaller and more hy-
drophilic ones are enriched on the corona of LNPs.

(3) (Paper III) The incorporation of LNPs or c-LNPs (10 wt%) into CNFs sig-
nificantly improved the strain and toughness of the composite film. The 
LNPs or c-LNPs further added water-resistant, antioxidant, and UV-
shielding properties to the film. These properties of the film are important 
for applications in e.g. packaging. If comparing the c-LNPs - CNFs com-
posite film to LNPs - CNFs, the similar obtained toughness suggests that 
the charge of the particles does not play an important role. This can be 
related to a weak anionic surface charge of the CNFs. To further explore 
the charge effect, differently charged CNFs should be used as the matrix in 
the future studies.

(4) (Paper IV) Chi-LNPs were developed for forming durable Pickering 
emulsion with olive oil. Ionic cross-linking and drug loading & release of 
the emulsion droplets were demonstrated. The ionically cross-linked 
emulsion droplets could sustain their integrity upon drying and rewetting, 
which is important for their characterization and/or applications where 
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dry condition is needed. The release of ciprofloxacin by the emulsion drop-
lets was rather fast (within about 1 h) under simulated physiological con-
ditions, suggesting a larger interpore size of the chi-LNPs film relative to 
ciprofloxacin.  

(5) (Paper V) BADGE was successfully incorporated into LNPs via nanopre-
cipitation using the aqueous acetone solvent system. At 20 wt% BADGE, 
the hy-LNPs could be intrapartically cross-linked under hydrothermal 
conditions. Cationization of the internally cross-linked hy-LNPs via epoxy 
ring-opening reaction was achieved at pH 12, which was not possible for 
the regular LNPs due to a complete dissolution. At 30 wt% BADGE, the 
hy-LNPs could be inter- and intrapartically cross-linked under hydrother-
mal conditions, ascribing to the rupture of the particle shell upon heating 
that released BADGE. As a result, they showed excellent adhesive strength 
for wood in both dry/wet conditions (5.4/3.5 MPa). The wet adhesive 
strength is significant since epoxy-based adhesives normally cannot pro-
vide moisture durable bonds.  

Overall, the fundamental understandings of the solvent-lignin interactions on 
the size of LNPs shed light on the formation mechanism of LNPs, which is im-
portant for designing LNPs with optimum performance in applications. The 
knowledge gained regarding the internal structure, porosity, mechanical prop-
erties, wetting, swelling, and solvent-stability properties of LNPs are essential 
not only for understanding the particle formation, but also for their further pro-
cessing/applications. The covalent and non-covalent modification of LNPs de-
veloped in this thesis expand the application window for LNPs. It is foreseen 
that beyond the applications demonstrated in this thesis, the chi-LNPs with 
combined antimicrobial and antioxidant properties from the two renewable ma-
terials, and the solvent-resistant hy-LNPs could find many other value-added 
applications.  
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