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Abstract 

 
This work was carried in order to obtain new knowledge regarding preparation and characterization of two alkali lignin 

based nanoparticles (LNP) using both: unmodified (UM) and acetylated lignin (AC). This includes particle size and 

shape, as well as nanoparticle dispersion stability investigations. Additionally, nanoparticle interaction properties with 

nanofibrillated cellulose (NFC), as well as bacterial inhibition properties were examined.  

Particle size and dispersion stability studies were carried out with dynamic light scattering (DLS) and atomic force 

microscopy (AFM) experiments. Subsequently, particle interacting properties were examined by quartz crystal 

microbalance with dissipation monitoring (QCM-D). Finally, antimicrobial inhibition properties were carried out by 

bacterial growth experiments on blood agar plate. 

According to DLS measurements, the size of the unmodified lignin nanoparticles was observed to be an average 

diameter of 105 nm while the particle dispersion was observed to be unstable when followed during a 45 days’ time 

scale. However, the AFM analysis suggests a slightly lower average particle diameter, 45 nm (N=11, σ=2.3). UMLNPs 

were negatively charged on the surface of the particle. When measured with DLS, the acetylated lignin nanoparticles 

were observed to have an average diameter of 171 nm as the dispersion was stable over 45 days’ time interval. 

Simultaneously, the AFM measurement demonstrated that the average particle diameter would be 44 nm (N=11, 

σ=5.7) respectively. The surface charge of the ACLNPs was negative. 

Both nanoparticles showed relatively good affinity to NFC when PDADMAC was used as an anchor. Furthermore, the 

protein HFB1-DCBD-C with a hydrophobin as an active component did not show improvement considering 

nanoparticle affinity to NFC. Therefore, it could be concluded that the surface charge may play an important role 

between LNP and NFC interactions while hydrophobical attraction does not. Acetylated lignin nanoparticles showed 

antimicrobial activity towards gram-positive bacteria. However, a hemolysis was caused by ACLNP dispersion. The 

fact that these nanoparticles exist in water dispersion suggests that lignin nanoparticles could be a possible precursor 

with nanofibrillated cellulose for renewable nanocomposite applications in the future. 
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Tiivistelmä 

 
Tämän diplomityön tavoite oli tuottaa uutta tietoa liittyen kahden alkaliligniinipohjaisen nanopartikkelin valmistukseen 

ja ominaisuuksiin. Työssä käytettiin muokkaamatonta sekä asetyloitua kraft-ligniiniä. Valmistettujen 

nanopartikkeleiden karakterisointiin kuului niin partikkelikoon kuin – muodon tutkimus, sekä nanopartikkelidispersion 

stabiiliuden määrittäminen. Lisäksi tutkittiin nanopartikkeleiden ja selluloosamikrofibrillien välisiä vuorovaikutuksia 

sekä nanopartikkeleiden antimikrobisia ominaisuuksia. Partikkelikoon ja - dispersion stabiiliuden määritys tehtiin 

dynaamisen valonsironnan ja atomivoimamikroskooppimittausten avulla. Lisäksi nanopartikkelien 

vuorovaikutusominaisuuksia tutkittiin kvartsikristallimikrovaa’an avulla. Lopuksi tutkittiin nanopartikkeleiden 

antimikrobisia ominaisuuksia bakteerikasvustoa vastaan veri-agar-maljalla. 

Dynaamisen valonsironta – mittausten mukaan käsittelemättömien ligniininanopartikkeleiden halkaisija oli 

keskiarvoltaan 105 nm. Lisäksi nanopartikkelidispersion havaittiin olevan epävakaa 45 päivän mittausjakson kuluessa. 

Atomivoimamikroskooppimittausten mukaan partikkelikoko olisi ollut pienempi, 45 nm (N=11, σ=2.3). 

Käsittelemättömät ligniininanopartikkelit olivat pintavarautuneita negatiivisesti. Asetyloitujen ligniininanopartikkeleiden 

halkaisija oli puolestaan 171 nm mitattuna dynaamisen valonsironnan avulla. Näiden partikkeleiden kohdalla 

dispersion oli vakaa mitattujen 45 päivän ajalta. Toisaalta atomivoimamikroskooppimittausten mukaan näiden 

nanopartikkeleiden koko on ollut kuitenkin 44 nm (N=11, σ=5.7). Asetyloidut ligniininanopartikkelit olivat myös 

negatiivisesti varautuneita. 

Kummatkin nanopartikkelit näyttivät olevan hyvin liitettäviä mikrofibrilliselluloosapinnalle kun PDADMAC:ia käytettiin 

väliaineena. Toisaalta proteiini HFB1-DCBD-C, jonka aktiivisena komponenttina toimi hydrofobiini, ei juurikaan 

edesauttanut nanopartikkelien liittämistä selluloosapinnalle. Näin ollen voidaan päätellä, että partikkeleiden 

pintavaraus on tärkeässä roolissa tarkastellessa vuorovaikutusta selluloosamikrofibrilleiden kanssa, kun taas 

hydrofobinen vetovoima ei puolestaan olisi olennaista. Asetyloitujen nanopartikkeleiden huomattiin estävän 

bakteerikasvustoa tutkittuja gram-positiivisia bakteereita vastaan. Asetyloidusta ligniinistä valistetut nanopartikkelit 

kuitenkin aiheuttivat myös hemolyysi-reaktion. Nanopartikkeleiden käsittelyominaisuudet vesi-dispersiossa avaavat 

prosessointimahdollisuuksia sovelluskohteille, kuten nanokomposiittimateriaaleille, joissa yhdistyvät 

ligniininanopartikkelit ja mikrofibrilliselluloosa 

Avainsanat  Ligniini, nanopartikkeli, PDADMAC, nanokomposiitti 
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Abbreviations and Symbols 

 

ACL Acetylated lignin 

ACLNP Acetylated lignin nanoparticle 

AFM Atomic force microscopy 

DLS Dynamic light scattering 

LNP Lignin nanoparticle 

NFC Nanofibrillated cellulose 

NP Nanoparticle 

PDADMAC Polydiallyldimethylammonium chloride 

PVAL Poly(vinyl alcohol) 

QCM-D Quartz crystal microbalance with dissipation monitoring 

RESOLV 

 

Rapid expansion of supercritical solution into liquid 

solvent 

RESS Rapid expansion supercritical solution 

THF Tetrahydrofuran 

UMLNP Unmodified lignin nanoparticle 
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1 Introduction 

Nanostructured materials act a significantly important part of our daily lives. 

Plenty of knowledge already exists about these materials and their 

applications. However, a lot of this knowledge is based on unsustainable 

foundation as some material resources such as oil and some minerals are 

known to be constantly decreasing on the planet of earth. Additionally, 

recycling of these conventional materials may often be problematic as they 

are not biodegradable. Some of the materials could be burned as better 

option when trying to avoid the environmental burden on landfills. 

Nonetheless, they might still not be neutral environmental wise if causing 

greenhouse gas emissions when burned.  

It has been proposed that renewable bio based raw materials could be 

acting as a replacing raw material asset in the future for conventional oil 

based or mineral materials. As an example, lignin is an almost endless raw 

material constantly produced through plant photosynthesis. Industrial 

lignins can be isolated by biomass separation processes. Additionally, lignin 

is an interesting raw material for value added novel materials and 

applications as it has a fascinating chemistry and a diverse structure.  

This work was performed in order obtain new knowledge regarding to two 

different alkali lignin based nanoparticles, previously introduced in the 

literature [1] and [2], including their suitability and performance as a 

nanocomposite precursor. Furthermore, the surface functionality was 

examined from antimicrobial perspective. These particles are characterized 

by dynamic light scattering (DLS) and atomic force microscopy (AFM). 

Subsequently, the interactions between nanofibrillar cellulose (NFC), 

prepared nanoparticles, and linkers such as polyelectrolyte PDADMAC and 

a protein HFB1-DCBD-C are investigated by using quartz crystal 

microbalance with dissipation monitoring (QCM-D). Finally, the prepared 

nanoparticles are examined as bacterial growth inhibition substances. 
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2 Lignin 

Lignin, which possible structure is presented in Figure 1, is the second most 

abundant polymer from biomass after cellulose and the most available 

renewable resource based on aromatic units.  

 

Figure 1. The possible structure of lignin. [3] 

Annually, over 70 million tons of industrial lignin is produced mostly as a 

side stream of biomass separation processes. Around 95% of industrial 

lignin is burned due to its good heat value. Therefore, only 5 % of the 

industrial lignin is so far used for more value added products. Various 

industrial lignins and their biomass separation processes are presented in 

Figure 2. 
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Figure 2. Different extraction processes to separate lignin from 

lignocellulosic biomass and corresponding products of industrial lignins. [4] 

The major challenge with industrial lignin utilization is the unclearly defined 

and varying structure depending on the origin of the lignin. Additionally, the 

separating and fragmentation processes still limit its usage. Commercial 

applications of industrial lignins include additives, binders, dispersants and 

surfactants. Some charasteristics of the industrial lignins are presented in 

Table 1. [4] 

Table 1. Some characteristics of different types of industrial lignins. [4] 

 

Lignin sales price have been reported to be 50-1200 €/ton [4] as more well 

defined lignin is more suitable for applications, and thus represents a more 

value added product. 

http://www.sciencedirect.com/science/article/pii/S0079670013001421#gr4
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Industrial or technical lignin has a different structure compared to native 

lignin inside a plant structure. However, it is important to understand the 

characteristics of the plant lignin, even though a lot of debate is still taken 

place around characterization of lignin in general due to its complex 

structure. [5] 

Lignin is mostly present in the middle lamella between wood cells and the 

secondary cell wall [6]. Thus, it plays an important role in bio based plants 

by adding strength to the cell walls, controlling the fluid flow as well as 

protecting the plant against bio chemical attacks [7]. 

Figure 3 presents the three main aromatic alcohol precursors that together 

form the phenylpropane units of the chemical structure of lignin. These, so 

called monolignols, are called p-courmal, coniferyl and sinapyl alcohols [8]. 

Furthermore, the phenolic substructures from which the monolignols 

orginate are called p-hydroxyphenyl, guaiacyl and syringyl groups 

respectively [4].  

 

Figure 3. The three main precursors of lignin and their corresponding 

structures in lignin polymers. [9] 



5 
 

According to Henriksson [10], the linkages in the lignin polymer are 

randomly distributed. It has been approximated [11] that two-thirds of the 

linkages between monolignols are ether linkages and one-third is carbon-

carbon bonds. Generally, the carbon-carbon bonds are more stable 

compared to ether linkages and therefore provide higher resistance to 

separation processes such as chemical pulping [9]. The most common 

linkage in lignin, the β-O-4’ linkage is introduced in Figure 4. According to 

Sjöström [11] and Henriksson [10], β-O-4’ linkages constitute 35-70 % and 

50- 70 % of the linkages in softwood and hardwood respectively. In 

hardwood, approximately 60 % of the β-O-4’ linkages are the syringylic type 

while 40 % consist of guaiacylic type [11]. As the chemical structure 

between softwood and hardwood differs, also the physical structure 

between lignins is different as softwood lignin is structurally more branched 

[9]. The β-O-4’ linkage is susceptible to pulping, bleaching and biological 

degradation reactions. Thus, it can be considered as the most important 

bond in lignin [10].  

 

Figure 4. A fragment of guaiacyl units and the β-O-4’ linkage in lignin. The 

carbon number nomenclature is also indicated. [10] 
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As there is high proportion of β-O-4’ and β-β’ linkages in native hardwood 

lignin structure compared to softwood, the radicals are unable to attack the 

5-position of sinapyl alcohol unit. Thus, the radicals are limited to react only 

with the covalent bonds in the side-chain. [9] 

The coniferyl alcohol which is mainly present in softwood species is more 

accessible for degradation as β-5’ and 5-5’ linkages are created in the free 

5-position. Hence, leading to more branched and cross linked structure 

when compared to hardwood lignins. In addition to the β-O-4’ linkages, the 

main linkages in a softwood lignin are illustrated in Figure 5. [9] 

 

 

Figure 5. Main linkages in a softwood lignin. [12] 
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The reactivity of the lignin is based on functional groups of the lignin such 

as the phenylic hydroxyl groups and the methoxyl groups. The amount of 

methoxyl group is higher in hardwood lignins as it contains more sinapyl 

alcohol than softwood lignin. The amount of phenol sites plays an important 

part in biodegradation and bleaching as it is the most reactive site of lignin. 

Only 10-13 % of the aromatic rings are in free phenolic positions as the 

others form ether bonds. Additionally, it has been proposed that lignin could 

form so called lignin carbohydrate complexes or LCC-bonds with 

hemicelluloses. Some possible softwood lignin reactive sites proposed in 

the literature are presented in Figure 6.  [9] 

 

 

Figure 6. Some possible reactive sites of softwood lignin. [13] 
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Lignin is an amorphous polymer and behaves as a thermoplastic material 

[14]. Thus, it has a glass transition temperature Tg which is dependent on 

absorbed water, molecular weight, isolation method [14] and thermal history 

[15], as well as plant species and extraction procedures [16]. Water has 

been reported to increase lignin plastization [17] lowering lignin’s Tg by 

molecular mobility of water molecules.  

Lignin degradation as a thermal decomposition process starts at 

temperatures of 150-275 °C [18]. This is due to dehydration of hydroxyl 

groups located in benzyl group [4]. Furthermore, the α- and β-O-4’ linkages 

break at the temperature of 150-300 °C. The cleavage between the aliphatic 

side chains and aromatic ring starts at around 300 °C, while the carbon-

carbon bonds between monolignols start to break at the temperature of 370-

400 °C. Higher temperatures than 500-700 °C lead to complete rearranging 

of the lignin polymer structure as 30-50 wt% of the lignin becomes char. In 

addition, volatile products such as CO, CO2, CH4 and H2 are formed [19]. 

 

 

 

 

 

 

 

 

 



9 
 

3 Nanoparticles 

Recently nanoparticles have been a topic of high interest in research. These 

particles provide a novel dimension in applications due to their small size 

and high surface area. There has also been some health concerns about 

certain nanoparticle materials as these particles might penetrate into living 

organism for example through inhaling and have a harmful effect.  

Nanoparticles have been formed from various material ranging from 

renewable polymers to metals. Thus, when the material precursors vary, 

vary also the properties of the nanoparticles. In this work we are interested 

in polymer and especially renewable polymer based nanoparticles such as 

lignin based nanoparticles. However, it is also desirable to investigate if 

these polymer based nanoparticles would possess some properties 

characteristic to for example metal nanoparticles. 

Polymer nanoparticles (NPs) characteristically are spherical particles that 

have a diameter less than 1 µm and are prepared from either natural or 

synthetic polymers [20]. The application field of polymer nanoparticles is 

growing on its already wide basis. Current fields range from electronics to 

photonics, conducting materials to sensors, medicine to biotechnology, 

pollution control to environmental technology [21]. Traditionally, NPs 

preparation can be divided roughly into two groups of preparation methods 

[22]. Thus, in this thesis the preparation methods with dispersion of the 

preformed polymers and with polymerization of monomers are introduced. 

Depending on the preparation method and raw material, nanoparticles can 

be formed into nanospheres or nanocapsules [22]. Nanospheres are 

particles with a polymer matrix structure. Whereas, nanocapsules are a 

vesicular systems with an aqueous or oily core surrounded by polymeric 

membrane. Illustration of these two forms of NPs can be observed from 

Figure 7. 
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Figure 7. Two forms of nanoparticles: nanosphere (up) and nanocapsule 

(bottom). [22] 

4 Preparation methods of nanoparticles from preformed 

polymers 

4.1 Solvent evaporation 

Solvent evaporation technique was the first method developed to prepare 

polymer nanoparticles from a preformed polymer [23]. According to the 

method, hydrophobic polymer can be dissolved into organic volatile solvents 

as for example chloroform or ethyl acetate. Then, water is added into the 

mixture in order to formulate an emulsion. Stirring can be applied 

simultaneously to facilitate the emulsion phase formation. Subsequently, 

the polymer solvent is evaporated by letting it to diffuse through the 

continuous phase (in this case water) of the emulsion. [21] 

Solvent evaporation techniques include both oil-in-water (o/w) 

emulsification as well as (water-in-oil)-in-water (w/o/w) double 

emulsification techniques. Commonly, high speed homogenization or 

ultrasonication can be utilized to form the emulsion when using this method. 

Furthermore, the evaporation of the polymer solvent can be performed 
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using techniques such as continuous stirring in room temperature or 

reduced pressure. Solidified nanoparticles can be collected by using 

ultracentrifugation and washed with distilled water to remove the redundant 

material such as surfactants. Figure 8 describes the process of double 

emulsification method. [21] 

 

Figure 8. Preparation of w/o/w double emulsion: (a) high-shear 

emulsification and (b) low-shear emulsification. [21] 

4.2 Salting-out 

The salting-out method was developed as an alternative for solvent 

evaporation preparation technique in order to reduce the use of hazardous 

organic solvents and decrease the burden on the environment caused by 

potential industrial up-scaling [21]. Salting-out process was first introduced 

by Bindschaedler et al. [24] as a part of a modified emulsion process which 

avoids the use of surfactants and chlorinated solvents. Thus, the emulsion 

is prepared by a using polymer solvent that is totally miscible with water, as 

for example acetone. Additionally, utilizing high shear forces may not be 

essential in salting-out method [25]. 

The polymer and possible encapsulated compounds are first dissolved in a 

solvent as acetone. Subsequently, the polymer solution is mixed into an 

aqueous phase containing stabilizers and salting-out agents, hence an 

oil/water emulsion is formed. This emulsion is then diluted by water or 

aqueous solutions in order to promote the diffusion of acetone into the 

aqueous phase, resulting in the formation of nanospheres. Subsequently, 
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both the solvent and the salting-out agent can be removed by cross flow 

filtration. The salting out method is further illustrated in Figure 9. [26] 

 

 

Figure 9. Schematics of the salting-out method. [27] 

Various factors have been investigated in order to determine the relations 

between manufacturing variables and particle characteristics. The stabilizer 

may have an effect on the size of the formed nanoparticles. As an example, 

increasing the concentration of poly (vinyl alcohol) (PVAL) in the external 

phase has been reported to decrease the size of the salting-out 

nanoparticles [28]. Additionally, polyvinyl pyrrolidone and hydroxyethyl 

cellulose have been reported to be suitable stabilizers for salting-out 

processes [28]. Furthermore, it has been shown that the salting out agent 

may have significant effect on drug encapsulating efficiency [29]. An 

increase in stirring rate or polymer concentration has been shown to have 

only slightly decreasing effect on particle size. While, the internal-external 

phase ratio seems not to have impact on particle size [28].  

4.3 Interfacial polymer deposition 

Interfacial polymer deposition which was first introduced by Fessi et al [30] 

aims at constructing drug loaded polymer nanocapsules. Briefly, polymer is 

first dissolved in a semi-polar solvent such as acetone. Subsequently, a 

mixture of lipids dissolved in the same semi-polar solvent. Furthermore, the 

drug component is added into the mixture. The prepared organic solution is 
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then added into water while stirring in order to diffuse the semi-polar solvent 

into the aqueous phase causing the formation of polymer nanocapsules with 

a lipid core. The semi-polar solvent is subsequently removed from the 

mixture by reduction of pressure. 

4.4 Dialysis 

In dialysis, polymer is dissolved into an organic solvent and placed into a 

dialysis membrane bag with a suitable molecular weight cut off properties. 

A non-solvent such as water is then used as an outer phase against the 

dialysis bag. Thus, the organic solvent is slowly replaced by non-solvent 

leading to polymer nanoparticle formation due to loss of polymer solubility. 

The dialysis method and phenomena is schematically presented in Figure 

10. [21] 

 

Figure 10. Schematic presentation of dialysis procedure. [21] 

 

http://www.sciencedirect.com/science/article/pii/S0079670011000232#gr7
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4.5 Supercritical fluid technology 

The development of the supercritical fluid technology has been driven by an 

objective of decreasing the use of organic solvents in nanoparticle 

preparation. In the literature [21], there has been notations including two 

subcategories regarding the supercritical fluid method: rapid expansion 

supercritical solution (RESS) and rapid expansion of supercritical solution 

into liquid solvent (RESOLV). 

In the RESS method, the polymer is dissolved into a supercritical fluid to 

form a solution. This is followed by a rapid expansion of the solution across 

a capillary nozzle or an orifice into ambient air. Commonly used supercritical 

solvents are have been reported to be acetone, carbon dioxide, ethanol, 

ethylene, and water among others [31]. These solvents have characteristic 

properties such as boiling point, and critical temperature, pressure and 

density that are relevant regarding the RESS process. The schematic 

presentation of the RESS method can be observed from Figure 11. 

 

 

Figure 11. Schematic presentation of the RESS method experimental set-

up. [21] 

http://www.sciencedirect.com/science/article/pii/S0079670011000232#gr9
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As a modification to the RESS method, RESOLV preparation technique 

introduces the expansion of the supercritical fluid into a liquid solvent. The 

liquid solvent is believed to suppress the particle growth in the expansion 

jet, hence producing smaller diameter particles than when using the RESS 

procedure. The schematic expression of the RESOLV method is presented 

in Figure 12. [21] 

 

Figure 12. Schematic expression of the RESOLV method. [21] 

 

 

 

 

 

 

 

 

 

http://www.sciencedirect.com/science/article/pii/S0079670011000232#gr10
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5 Preparation methods of nanoparticles from 

polymerization of monomers 

The nanoparticle preparation methods discussed so far were suitable for 

processing of preformed polymers. However, sometimes suitable 

preformed polymers does not exist to fulfill the needs as a precursor for 

desired polymer nanoparticles and particle properties. Therefore, at times it 

is advantageous to utilize polymerization from monomers when preparing 

polymer nanoparticles. In this part, the most common methods for 

polymerization of monomers in order to obtain polymer nanoparticles will be 

introduced. 

5.1 Conventional emulsion polymerization 

Conventional emulsion polymerization or macro-emulsion polymerization 

can take place in an environment where monomer(s), initiator, dispersion 

medium, and possibly colloid stabilizer constitute initially a heterogeneous 

system resulting in particles of colloidal dimensions containing the formed 

polymer [32]. This emulsion is kinetically stable but thermodynamically 

unstable [33]. The schematic presentation of emulsion polymerization 

mechanism is presented in Figure 13.   

At first (Figure 13.a), the system consists of mainly three parts: the water 

phase, large monomer droplets (varying in size between 1 and 100 µm) 

dispersed through the water phase, and micelles containing solubilized 

monomer. Additionally, the system might contain a small amount of 

molecularly dissolved emulsifier as well as monomer-free micelles. [33] 

Subsequently (Figure 13.b-c), free radicals (R) are formed from initiator 

molecules.  These free radicals then diffuse into the monomer filled micelles 

and initiate the nucleation phase polymerization. As the nucleation 

polymerization continues, more monomers are diffused from the monomer 

droplets through the aqueous phase into the micelles resulting in the growth 

of the polymer particle micelles. Simultaneously, more surfactant molecules 
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are occupied of the micelle surface as the micelles diameter increase. 

Consequently, all the surfactant molecules are occupied eventually leading 

to the end of the nucleation phase. [33] 

The polymerization process inside the existing micelles yet continues as the 

monomers continue to disperse from the droplets thought the aqueous 

phase into the micelles. Thus, resulting in the decrease in the size of 

monomer droplets. Furthermore, the polymerization inside the existing 

micelles continues until the monomer droplets disappear resulting in a 

gradual ending of the polymerization process (Figure 13.d). Finally (Figure 

13.e.), as the polymerization is completed, the dispersion consist of small 

polymer particles stabilized with surfactant molecules. [33] 
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Figure 13. Schematic presentation of emulsion polymerization mechanism. 

[33] 
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5.2 Mini-emulsion polymerization 

In mini-emulsions systems, the monomer is dispersed in water by strong 

mechanical agitation. Alternatively, classical emulsifiers and a water-

insoluble co-emulsifiers can be utilized to homogenize the emulsion. 

Consequently, the system is composed of monomer droplets varying in the 

size from 50 to 500 nm. As the monomer droplets exist with relatively small 

diameter and high total surface area, they can act as polymer nucleus for 

polymerization reaction when reacting with aqueous phase free-radicals. 

However, not all the monomer droplets are turned into polymer nucleus, as 

the size of the polymer particles formed is almost the same as the initial 

monomer droplet size. Nevertheless, the size is smaller than obtained with 

conventional emulsion or micro-emulsion polymerization. The schematic 

illustration of mini-emulsion polymerization process can be observed from 

Figure 14. [33] 

 

 

Figure 14. The schematic illustration of mini-emulsion polymerization 

process: (a) pre-emulsification (b) high-shear emulsification and (c) 

polymerization. [21] 
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5.3 Micro-emulsion polymerization 

In micro-emulsion polymerization, the initial system consist of monomer 

droplets which are relative smaller, varying from 10 to 100 nm compared to 

conventional emulsion system. These droplets are dispersed in water aided 

by a classical emulsifier and a co-emulsifier. As there is an excess amount 

of emulsifier in the system, the emulsion is highly concentrated with 

micelles. The system is thermodynamically stable. Additionally, it can be 

considered optically as a one phase solution. [33] 

6 Interfacial polymerization 

In the interfacial polymerization method, the polymer nanoparticles are 

formed as reactive monomers dissolved into two different liquid phases 

react at the interface of these liquids. As an example, the liquid phases can 

be layered phases, or a continuous and a discontinuous phase. The method 

enables preparation of nanocapsules with either an aqueous or oily core. 

Additionally, nanoparticles with hollow structure have been formed by 

utilizing interfacial polymerization. [21] 

6.1 Reversible-deactivation radical polymerization 

The contribution towards reversible-deactivation radical polymerization, 

also described in the literature as the controlled or living free-radical 

polymerization, has been derived from the limitations of the conventional 

radical polymerization reaction. These limitations can be appointed to be 

the lack of control over molecular mass distribution, molar mass, as well as 

the macromolecular structure and the end functionalities of the obtained 

particles. The cause of these limitations is unavoidable radical-radical 

termination reactions. [21] 

Conventionally, the termination of a polymerization reaction involves a 

mutual destruction of two chain carriers. However, it was found in 1980 that 

certain additives are able to cause a reversible reaction with the chain 

carriers. Consequently, reversibility of the reaction enables that the period 
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of an individual chain growth can be prolonged until the end of the 

experiment. [34] 

Subsequently, has to be considered that the chains participating the 

reversible-deactivated radical polymerization reaction are in an inert or so 

called dormant state, not able to take part in chain termination or 

propagation. However, as long as the polymer chains shift from active to 

dormant and vice versa when compared to chain propagation, all the 

polymer chains can grow at a similar rate. Consequently, controlling the 

conditions of polymerization reactions can enable the synthesizing of block 

copolymers by sequential addition of different monomers. [34] 

7 Summary of the nanoparticle formation methods 

As described earlier, the field of nanoparticle formation is large and wide 

range of preparation methods exist. Most important preparation methods 

involving preformed polymers were methods based on solvent evaporation, 

salting-out, interfacial polymer deposition, dialysis, and supercritical fluid 

technology.  

In the solvent evaporation method hydrophobic polymer is dissolved into 

organic volatile solvents. Water is then added into the mixture in order to 

formulate an emulsion. Subsequently, the polymer solvent is evaporated by 

letting it to diffuse through the continuous of the emulsion leading to 

nanoparticle formation. 

The salting-out method avoids the use of surfactants and chlorinated 

solvents as stabilizers and salting-out agents are used instead. In the 

interfacial polymer deposition polymer additional lipid substance is used in 

order to form a particle with the shape of a capsule. Furthermore, the 

dialysis method utilizes controlled solvent exchange through a membrane 

while super critical fluid technology takes advantage of phenomena 

occurring during major pressure changes. These methods form a rough 

sorting list of different possibilities in nanoparticle formation from preformed 
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polymers. However, the existing methods can be further modified or 

combined with each other in order to build even more suitable processes. 

On the other hand nanoparticles can be formed through polymerization of 

monomers. The emulsion polymerization methods mentioned previously 

are compared in Figure 15. The Figure 15 demonstrates the difference 

between the initial and the final stages of conventional, mini, and micro-

emulsion techniques. As explained previously, in conventional emulsion 

polymerization monomers are transformed from big monomer droplets into 

small micelles where the polymerization reactions eventually happen, 

resulting an emulsion of uniformly sized polymer particles. In the mini-

emulsion polymerization, the initial relatively small monomer droplets react 

with water phase free radicals and the final particle size stays unmodified. 

As explained previously, the micro-emulsion polymerization there is an 

excess amount of dispersion emulsifiers that keep the system highly 

concentrated by polymer micelles. [33] 

 

Figure 15. Before (A) and after (B) stage of the emulsion presented for 

different hetero-phase polymerization systems. [21] 
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The reversible-deactivation radical polymerization was developed due to 

the limitations of the conventional radical polymerization reaction. These 

limitations can be appointed to be the lack of control over molecular mass 

distribution, molar mass, as well as the macromolecular structure and the 

end functionalities of the obtained particles. 

8  Preparation of lignin nanoparticles  

Only a few scientific articles describe the preparation methods of lignin 

nanoparticles. The methods utilized in this work were proven in the 

literature. The method for preparing unmodified lignin nanoparticle is based 

on salting-out and dialysis methods [2]. Whereas, the acetylated lignin 

nanoparticles have been prepared with solvent evaporation technique, 

without the use of harmful additives [35]. 

8.1 Unmodified lignin nanoparticles 

Frangville et al. [2] developed a method for lignin nanoparticle fabrication. 

Initially, alkali lignin was dissolved in ethylene glycol which was acting as an 

organic solvent. Subsequently, hydrochloric acid was added in order to 

increase the pH of the solution. Thereafter, the solution was dialyzed using 

water as a surrounding phase. The schematic illustration of the particle 

formation process can be seen in Figure 16.  

 

Figure 16. Proposed method for lignin nanoparticle formation. [2] 

The nanoparticle formation was affected by various factors including the 

lignin concentration in the ethylene glycol solution. Furthermore, the way of 

adding the HCl into the solution, the relative amount of HCl as volume 
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percentage, and the molarity of HCl had an impact on nanoparticle 

formation and size. [2] 

8.2 Acetylated lignin nanoparticles 

According to the method developed by Qian et al [35], alkali lignin that has 

been recovered from the pulping liquor can be chemically modified by 

acetylation in order to increase the amphiphilic nature of the lignin polymers. 

This lignin can then be used as a precursor for preparing uniform colloidal 

spheres via self-assembly. The possible structure of acetylated lignin (ACL) 

has been described in Figure 17. 

 

Figure 17. The possible structure of acetylated lignin. [36] 
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Acetylated lignin (ACL) colloidal spheres were obtained by gradual 

hydrophobic aggregation of ACL molecules, caused by continuous water 

addition into ACL-THF (tetrahydrofuran) solution [35].  

According to the experiments of Qian et al [35], ACL molecules started to 

form colloidal spheres at a water content of 44% as the initial ACL content 

in THF was 1.0 mg mL-1. Additionally, in the experiment of Qian et al [35] 

the colloidal formation process was completed at a water content of 67%. 

Furthermore, an excessive amount of water was introduced into the 

dispersion to stabilize the colloidal structures formed. The ACL dispersion 

was treated by rotary evaporation in order to obtain the colloidal spheres 

and recycle THF. The colloid formation process of ACL in THF-H2O medium 

is described in Figure 18. 

 

Figure 18. Colloid formation process of ACL in THF-H2O medium and TEM 

images obtained with water content changes. Water content: (A) 0–13 %, 

(B) 13–44 %, (C) 44–67 %, and (D) >67 %. [35] 
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9 Lignin nanoparticle characteristics 

9.1 Particle stability 

Lignin nanoparticle stability is an important aspect to consider when novel 

applications are designed. This field covers the surface charge properties, 

and thus the agglomeration and degradation kinetics of the particle 

populations. The controllability of particle stability is important when 

designing novel processes or application.  

For example, in drug delivery the delivering device such as polymer 

nanoparticle has to resist certain human body immunity mechanism without 

degrading. However, when arrived into the target location, the nanoparticle 

has to be able to release the carried substance into the environment. This 

can happen for example through pH response that causes the drug carrier 

to degrade and release the drug. 

9.2 Linking properties 

As nanoparticles are interacting with their environment in order to utilize 

their properties and functionalities, it is important to understand the 

interactions between particles and other substances such as fibers, 

nanocellulose, and living cell walls etc. 

9.3 Antibacterial properties 

Bacteria can be considered as a prokaryote, a single cell organism that 

lacks a membrane bond nucleus, mitochondria, or generally any other 

membrane-bound organelles.  Furthermore, bacteria can be classified as 

pathogenic, disease causing, or as nonpathogenic species. Bacteria can 

also be distinguished according to the Gram-staining procedure. This 

method can divide the bacteria in to two groups: gram-negative and gram-

positive. The gram-negative cells consist of quite complex and multilayered 

cell wall structure. While gram-positive cell walls are often much thicker, and 

consist of single molecule. 
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According to literature [37], antibacterial agents can be divided into two 

groups depending on their mechanism of antimicrobial activity, toxicity, 

durability and ecological acceptability. Usually, the mechanism of 

antimicrobial activity can be either biocidal or biostatic. Biocides are 

leaching agents that kill bacteria and fungi while biostats are bound 

antimicrobials that prevent the microbial growth. 

The concentration of the active substance is directly related to the degree 

of antimicrobial action. For biocidal activity, the minimum biocidal 

concentration (MBC) is needed.  Furthermore, the minimum inhibitory 

concentration (MIC) is necessary for biostatic activity. 

In the literature, industrial lignins containing polyethylene films have been 

proven to possess antibacterial properties [38]. Additionally, lignin has been 

investigated as a protective agent against genotoxic substances where 

lignin proved to decrease the damaging effects caused by different 

carcinogens [39]. Furthermore, some future applications considering lignin 

with antioxidative properties have been discussed [40]. Various lignin based 

chemicals and their minimal inhibitory concentrations (MIC) considering 

antimicrobial properties are listed in Table 2. 
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Table 2. Antimicrobial components of the model compounds of lignin, and 

their minimal inhibitory concentrations against selected microorganisms. 

(MIC, µg/ml) [41] 

 

  

9.4 Visual appearance of the lignin nanoparticles 

According to Qian et al [42], the colloid formation causes the colour of ACL 

to change from dark brown to dark yellow, as it can be observed from Figure 

19. This is suggested not to be affected by metal ions but the rearrangement 

of chromophores during the self-assembly stage. In addition, the uniform 

particle structure is a factor in colour that is shown as the light reflectance. 

This phenomenon can cause some problems in hypothetical final 

applications as textile fibres as the colour of the textile might also change. 

Additionally, possible degradation of lignin due to exposure to sunlight might 

cause challenges in textile applications. 
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Figure 19. Demonstration of lignin colour change during the acetylation 

and colloid forming process. [42] 
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10 Summary 

In this work, it has been discussed about preparation of polymer 

nanoparticles, especially with focus on lignin based nanoparticles, as a 

renewable polymer based nanoparticle precursor. Additionally, the 

properties and some potential fields of applications for lignin nanoparticles 

have been considered. As lignin particles are relatively small in size and 

provide high surface area allowing effective surface modification, they may 

be utilized as such or functionalized in nanocomposites, coatings, or drug 

carriers just to name a few. 

The research considering lignin based nanoparticles is still limited. 

Therefore, it was necessary to gather new information about particle surface 

interaction properties such as affinity to cellulose and microbial inhibition. 

This should be done in order to for example replace silver nanoparticles as 

antibacterial compounds in textiles and other materials. Thus, the 

experimental part of this work will include lignin nanoparticle preparation, 

characterization, and the interactions with nanofibrillar cellulose (NFC) and 

selected microorganisms. 
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11 Experimental 

11.1 Unmodified lignin nanoparticle preparation (UMLNP) 

First 0.25 g of alkali lignin was dissolved into 25 ml of ethylene glycol while 

stirring for 2 hours. The solution was then filtered through GHP Syringe Filter 

Membrane, cutoff 0.45 µm, supplied by PALL Life Sciences. 

1.3 ml of 0.25 M HCl was then gradually added lignin solution while stirring 

in order to correspond 5 % of HCl volume content. The rate of HCl addition 

was 2 drops min-1. The solution was then dialyzed in a 4 l beaker for three 

days in order to exchange ethylene glycol with water. Dialysis water was 

changed 2 times daily. 

11.2 Lignin acetylation and nanoparticle preparation (ACLNP) 

Alkali lignin sample purchased from Sigma Aldrich was acetylated according 

to Lu & Ralph [43] and Qiana et al [1]. Specifically, a solvent of 12.5 ml was 

prepared from acetyl bromide and acetic acid with a ratio of 5:95. Then, the 

0.1 g of alkali lignin was acetylated by mixing it with the solvent and 

continuously stirring for 3 hours in temperature of 55 °C. Notable is that the 

solvent was totally evaporated from the mixture just before the 3 hours 

mixing was completed. 

100 ml tertahydrofuran (THF) was then added in order to dissolve the 

acetylated lignin (ACL) sample. Thereafter, 200 ml of water was added in 

order to achieve 67 % water content that should be sufficient for forming 

colloidal spheres from ACL [35]. In detail, it has to be noted that not all the 

ACL was dissolved into THF. This ACL was then filtered through 0.45 µm 

membrane for further experiments. 

Water was then added into ACL-THF-water mixture to a total amount of 500 

ml in order to achieve 87 % water content that should finalize the ACL 

colloidal sphere formation. THF was then rotary evaporated from the 

mixture at 40 °C for 3 hours. Finally, the formed acetylated lignin 



32 
 

nanoparticle (ACLNP) sample solution was filtered by using 0.45 µm filter in 

order to remove impurities. 

11.3 Nuclear Magnetic Resonance (NMR) spectroscopy 

NMR (nuclear magnetic resonance) spectroscopy is an analysis technique 

that discovers the magnetic properties of certain atomic nuclei. In NMR a 

sample with a magnetic atomic nucleus is brought into a magnetic field. The 

nucleus can orientate itself in the magnetic field with a certain energy level. 

Then electromagnetic radiation is brought to the system and may cause the 

nucleus to flip from one orientation to another. This flip can occur only with 

a certain radiation energy level that can then be measured, and the change 

in energy determined. In the NMR, a range of wavelengths (frequencies) is 

introduced on the sample in the magnetic field.  

The wavelengths that are absorbed with the certain energies of ΔE=hv are 

characteristic of the nucleus, where the v is the resonance frequency. The 

wavelengths utilized in NMR are in the wavelength of radio waves. 

However, not only the type of nucleus but also the chemical environment of 

the nucleus effects on ΔE. For example, a proton bond to oxygen has a 

different ΔE than the one bond to carbon. Therefore, NMR is sensitive to 

chemical bonding of the atoms. 

11.4 Sample preparation and 31P NMR measurements 

For 31P NMR analyses, unmodified and acetylated lignin samples were 

accurately weighted (25 mg) and dissolved in 150 µl of N,N-

dimethylformamide in 10 ml vial. After total dissolution, 100 µl pyridine, 200 

µl (0.05 M) of internal standard solution (ISTD) of endo-N-Hydroxy-5-

norbornene-2,3-dicarboximide (e-HNDI, 0.01 mmol) in pyridine/CDCl3 

(1.6/1, v/v) and 50 µl of the Cr(acac)3 solution (11.4 mg/ml) in pyridine/CDCl3 

(1.6/1, v/v) were added. Then, 200 µl of the phosphitylation reagent 2-

chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphopholane [P.R.(II)] was added 

drop-wise. Finally, 300 µl of CDCl3 was added to the solution and clear 
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brown to black solution was achieved.  Dissolution was aided with slow 

stirring with magnetic stirrer and by gentle heating at 45 °C. 

Freshly prepared sample was measured with 31P NMR immediately after 

preparation at room temperature. Bruker 500 MHz NMR spectrometer was 

used for the measurement. Chemical shifts are reported relative to the sharp 

signal (132.2 ppm) originating from the reaction between water and P.R. II. 

Following NMR parameters were used: scans = 512, pulse delay = 5 s, 90° 

pulse and line broadening = 2. 31P NMR measurement procedure was 

adopted from the method developed by Granata and Argyropoulos [44]. 

11.5 Particles dispersion characterization  

Particle size and zeta potential of the samples were measured by using a 

Malvern zetasizer –instrument.  Size measurements were performed using 

DTS0012 disposable cuvette. Every sample was measured three times the 

measurements were repeated for acetylated lignin nanoparticles after 15 

days of THF removal. Zeta potential, also known as electrokinetic potential, 

measurements were performed using DTS1060C clear disposable zeta cell. 

11.6 Spin coating 

In spin coating an ultra-thin film is casted from solution as the solvent is 

removed from a plate by high speed spinning (ca. 1000-10 000 rpm) and 

evaporation (Figure 20). 

 In this experiment 2 g of NFC of 1.21 % dry matter content were dispersed 

in 20 ml H2o (ca. 1,2 g/l concentration) by ultra sonification with a tip 

(Branson S-450 sonicator, 102-C Converter, ½” Dia. Tapped Bio Horn with 

½” Extension, 25 % amplitude, 3 min). The dispersion was centrifuged at 

8000 g for 30 min and the supernatant with the fine fibrils was taken and 

stored in the refrigerator at 4 °C. 

Golden plate sensors supplied by Q-sense AB (Västra Frölunda, Sweden) 

were cleaned in the ozonator for 20 min.  Following, a drop of 
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Polyethylenimine (PEI) 2.5 mg/ml was deposited on the plates. After 10 

minutes of PEI adsorption, the substrates were rinsed with water and dried 

with nitrogen gas. 

The prepared NFC dispersion was then spin coated on the PEI-covered 

gold substrates. A drop of NFC was deposited on the gold substrate, and 

spin coating was executed (4000 rpm, 2200 rpm/s2, 1 min). This process 

was repeated for all the samples used in further QCM-D experiments. The 

same procedure excluding PEI addition was used when lignin nanoparticle 

samples were prepared for AFM and contact angle measurements. 

However, the substrate used in spin coating the samples was silica. 

 

Figure 20. Spin coating principle. [45] 

11.7 Atomic force microscopy (AFM)  

ACL solution was filtered by using 0.45 µm filter in order to remove 

impurities. Samples of the nanoparticles were spin coated on a silica 

surface according the procedure mentioned in the previous section. AFM- 

images were taken by using tapping mode in air with Bruker Multimode 8 

atomic force microscope. Nanoscope V controller and J-scanner were used. 

The tip used was NCHV-A supplied by Bruker. AFM scan sizes used were 

25 µm2 4 µm2 and 1 µm2. The AFM imaging is presented in Figure 21. 
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Figure 21. The concept of AFM imaging. [46] 

11.8 Particle surface modification 

Acetylated lignin nanoparticles were coated with a PDADMAC 

(Polydiallyldimethylammonium chloride) solution in order to cover the 

particle surface with positively charged polyelectrolyte, and hence, modify 

the surface functionality of the nanoparticles, especially the affinity to 

cellulose. The ACLNP solution was gradually added into PDADMAC 

solutions with varying concentrations. The optimal ratio of PDADMAC to 

ACLNP was evaluated by monitoring the zeta potential.    

11.9 Quartz Crystal Microbalance with Dissipation Monitoring (QCM-

D) 

The affinity between different components including NFC, PDADMAC, 

Protein consisting from a hydrophobin and a double cellulose binding 

domain (HFB1-DCBD-C), as well as UMLNP and ACLNP was investigated 

using a quartz crystal microbalance with dissipation monitoring (QCM-D) 

E4-equipment supplied by Q-sense. The layers built up from the 

combinations of PDADMA or Protein HFB1-DCBD-C and LNP or ACLNP 
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were examined on NFC substrates prepared as described in section 10.6. 

The concentrations of the solutions used were 1 g/l with flow rate of 100 

µl/min. The stabilization time after injecting a new component was over 20 

min and rinsing time was over 30 min respectively. The equipment senses 

adsorption by measuring simultaneously the change in the frequency and 

the dissipation of crystal oscillating at fundamental resonance frequency, 5 

MHz, as well as its overtones at 15, 25, 35, 45, 55 and 75 MHz. A decrease 

in frequency is related to the mass adsorbed, while the dissipation reveals 

the viscoelasticity characteristics of the formed layer. The change in the 

adsorbed mass can be evaluated using the Sauerbrey equation [47] [48]. 

𝛥𝑚 = −
𝐶𝛥𝑓

𝑛
          (1) 

Where C is a device specific constant (0.177 mg m-2 Hz-1), Δf the change in 

the oscillation frequency of the crystal and n is the overtone used. This 

equation is valid for thin and rigid layers which have low dissipation values. 

The 3th overtone was used for calculating the adsorbed mass. Additionally, 

in this work all the Δf values have been reported in figures as normalized 

values, meaning that the originally measured frequencies have been divided 

by the overtone number 3.  

In detail, the runs with QCM-D were first performed such that the samples 

of ACLNP and UMLNP were adsorbed on NFC without a binder. The 

second phase included first the adsorption of a binder such as PDADMAC 

or Protein HFB1-DCBD-C on top of which the UMLNP or ACLNP were 

adsorbed respectively. 
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12 Results and discussion 

12.1 Degree of acetylation 

The degree of acetylation was determined by 31P NMR. The 31P NMR 

spectra of the original lignin sample is presented in Figure 22. Basically, the 

different OH-groups can be determined by observing the 31P NMR spectra 

for both, the original and acetylated lignin samples. Therefore, according to 

the spectra in Figure 22, the original lignin sample characterically has 

aliphatic OH-groups which can be observed as a band from 145 to 150 ppm. 

Furthermore, syringyl and condensed OH-groups were detected at the zone 

from 140 to 145 ppm. Additionally, guaiacyl OH-groups are present from 

138 to 140 ppm, as p-hydroxyphenyl OH-groups can be detected from 137 

to 138 ppm. COOH-groups are also present from 133 to 136 ppm. 

 

Figure 22. 31P NMR spectrum of original lignin sample 
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                                                                  +condensed                                                                                                                       

ISTD                Aliphatic                                                                  p-OH                                                                           
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The 31P NMR spectrum of the acetylated lignin sample can be observed in 

Figure 23. As can be detected, the OH groups of the originally lignin have 

mainly disappeared. This can be concluded from the former OH group band 

areas, as the aliphatic OH band has decreased in the range from 145 to 150 

ppm excluding the two relatively thin sections at the edges of the former 

band. Furthermore, the syringyl, condensed, and guaiacyl OH groups have 

almost disappeared from the spectra referring to the substitution of OH-

group with acetyl groups. Additionally, p-hydroxyphenyl OH and carboxylic 

acid (COOH) groups have been decreased significantly due to acetyl 

substitution of the OH groups. 

 

Figure 23. 31P NMR spectrum of acetylated lignin sample 

The quantitative 31P NMR results are given as mmol/g lignin in Table 3.  The 

results in Table 4 were calculated using the data from the Figures 22 and 

23, as well as the assumption that the 25 mg of weighted lignin samples had 

a lignin content of 100 %. The cumulative amounts of aromatic OH units 

                             

                                                                   Syringyl         Guaiacyl          COOH     

                                                                  +condensed                                                                                                                       

ISTD                      Aliphatic                                                            p-OH                                                                           
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(syringyl, condensed, guaiacyl, and p-hydroxyphenyl phenolic units) and 

total OH units (aromatic, aliphatic and carboxylic acids) are marked in the 

Table 4 separately. 

Table 3. Amounts of different hydroxyl group species (mmol/g) in lignin 

samples. It was assumed that the lignin content of the sample is 100 %. 

 

Sample 

 

Aliphatic 

OH 

 

Carboxylic 

acid 

 

Condensed 

+ Syringyl 

Guaiacyl Catechols 
p-OH-

phenyl 

Phenolic 

OH 

Total 

OH 

Lignin 

content 

(assumed) 

original 1.39 0.50 1.05 0.480 0.00 0.02 1.55 3.44 100% 

acetylated 0.24 0.13 0.00 0.00 0.00 0.00 0.00 0.38 100% 

 

  The acetylation level then can be calculated as   

𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑎𝑐𝑒𝑡𝑦𝑙𝑎𝑡𝑖𝑜𝑛 =
𝑂𝐻 (𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑙𝑖𝑔𝑛𝑖𝑛) − 𝑂𝐻(𝑎𝑐𝑡𝑦𝑙𝑎𝑡𝑒𝑑 𝑙𝑖𝑔𝑛𝑖𝑛)

𝑂𝐻 (𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑙𝑖𝑔𝑛𝑖𝑛)

=
3.44 − 0.38

3.44
= 89.0 %  

Therefore, the degree of acetylation was estimated to be 89 % under the 

assumption of 100% lignin content in the samples. 89 % can be considered 

to be valid degree of acetylation for further lignin experiments. 
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12.2 Particle dispersion characterization 

Both the unmodified and the acetylated lignin nanoparticles were analysed 

with DLS measurements and AFM in order to determine the particle size, 

surface charge and dispersion stability properties. 

The UMLNP and ACLNP dispersion stabilities are illustrated in Figure 24. 

For UMLNP dispersion, it could be observed that the particle average 

diameter had increased after the 45 days interval from the average of 105 

nm (N=8, σ=12 nm) to 386 nm (N=6, σ=62 nm). This reflects from probable 

particle aggregation with time. However, the surface charge could be 

noticed to be increased which might indicate that the surface charge on the 

particle surface is not heterogeneous. In other words, some parts of the 

surface tend to contact with surrounding particles. 

For ACLNP dispersion, the particle size diameter was about 175 nm (N=15, 

σ=8) and z potential was observed to be -42 (N=12, σ=4) as an average 

respectively. This average particle diameter is comparable to the results 

obtained by Qian et al. [35] who reported the average particle diameter to 

be 165 nm according to DLS measurements when the particles were 

prepared with the same procedures [35].  

Additionally, it was observed that the ACLNP dispersion was stable at least 

for 45 days. This can be considered as good property regarding further 

applications, where good stability is required. Additionally, particle-storing 

possibilities are enchanted, as they tend to not form permanent aggregates. 

However, if further applications are considered, the stability properties 

should be also investigated in varying environments such as different pH 

and temperature depending on the field of the application purpose. 
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Figure 24. UMLNP dispersion stability against time measured with DLS 

including a) average particle diameter and b) z potential. 

 

The UMLNP and ACLNP size was analyzed with AFM mainly focusing on 

the height variation on the image. The average particle diameter for UMLNP 

was observed to be 45 nm (N=11, σ=2.3). The significant difference when 

compared to the dynamic light scattering result can be caused partly from 

the collapse of the particles when introducing them into the air phase while 

spin coating. The related AFM images of the UMLNP and ACLNP samples 

of scale 25 µm2 4 µm2 and 1 µm2 are presented in Figure 25.        

While ACLNPs were analysed by AFM, the average particle diameter was 

discovered to be 44 nm (N=11, σ=5.7). As the case with UMLNP, the 

significant difference when compared to the dynamic light scattering result 

can be caused partly from the collapse of the particles when introducing 

them into the air phase while spin coating.   
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Figure 25. AFM image of UMLNP (left) and ACLNP (right) dispersions spin 

coated on the silica substrate in size scales of 25 µm2 4 µm2 and 1 µm2. 

 



43 
 

12.3 Adsorption to cellulose 

The interactions between the lignin nanoparticles and nanocellulose were 

studied in order to obtain more knowledge regarding further applications 

where nanoparticles would need to be adsorbed on an other material. The 

experiments of the adsorption of nanoparticles to cellulose were carried out 

utilizing QCM-D measurements, that show if there is adsorption of LNPs on 

NFC surface. A clean spin coated reference NFC surface is presented in 

the Figure 26. The rest of the AFM samples taken from the samples 

discussed in this chapter can be found from the Appendix A (Figures A1-

A12). 

 

 

Figure 26. AFM image (25 µm2) of NFC reference spin coated sample  

 

As Figure 27.a demonstrates, during the QCM-D experiments it was 

observed that the oscillation frequency f does not change significantly 
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during UMLNP adsorption if no anchoring substances are used before.  

Therefore, NFC seems to not have high attraction to the lignin nanoparticles 

alone.  

However, when first adsorbing PDADMAC and followed by the lignin 

nanoparticles the oscillation frequency f decreases, indicating adsorption of 

UMLNPs on the PDADMAC layer (Figure 27.b). Thus, it can be concluded 

that the particles seem to attach on NFC through PDADMAC linkages or 

generally through electrostatic interactions.  

When the protein is adsorbed on the NFC prior to the lignin nanoparticles 

the oscillation frequency f changes indicating an attachment of protein on 

the NFC surface. However, when the lignin nanoparticles are introduced 

there is no significant further change in the oscillation frequency. Thus, no 

significant adsorption of the lignin nanoparticles could be observed from 

Figure 27.c. As the active component of the protein is a hydrophobin, it could 

be concluded that unmodified lignin nanoparticles do not have enough 

hydrophobic properties on the particle surface.  
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Figure 27. The change in the oscillation frequency Δf as normalized by 

overtone number (3), and dissipation ΔD during the QCM-D run with a) 

only UMLNP, b) PDAAMAC+UMLNP, and c) Protein+UMLNP adsorptions. 

The dotted lines describe the point of injections of new compound and 

rinsing. 
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In figure 28, the sensed mass upon adsorption of UMLNP on the three 

different anchoring layers is illustrated. The sensed mass was calculated 

using Sauerburn equation (1). 

 

Figure 28. Sensed adsorbed mass of UMLNP on NFC with different anchoring 

substances adsorbed previously. The UMLNP was added at t-0min. The circle 

indicates the point of rinsing. 

The hydrophobicity of UMLNP was further investigated with contact angle 

measurements. As can be seen from Figure 29. The UMPLNs did not form 

a hydrophobic layer when spin coated on a silica surface. However, it can 

be that the nanoparticles did either not totally cover the coated surface or 

were weakly attached to silica plate. 
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Figure 29 Average contact angle of the UMLNP surface plotted against 

time. 

The adsorption of ACLNP on cellulose substrate with different anchoring 

layers are shown in Figure 30.As it can be seen from Figure 30.a, during 

the QCM-D experiments it was observed that the oscillation frequency f 

seems to change during ACLNP adsorption even if no other substance is 

adsorbed before.  Therefore, NFC seems to have attraction to lignin 

nanoparticles alone. Furthermore, when first adsorbing PDADMAC followed 

by acetylated lignin nanoparticles the oscillation frequency f changes 

indicating ACLNP adsorption on PDADMAC layer (Figure 30.b). 

In Figure 30.c the protein was adsorbed on the NFC prior to the lignin 

nanoparticles.  The change in the oscillation frequency Δf first increases 

indicating an attachment of the protein on the NFC surface.  In the next 

phase, when acetylated lignin nanoparticles were adsorbed a change in the 

oscillation frequency was detected as well. However, the change observed 

in the oscillation frequency equals to the change in the frequency observed 

already in the Figure 30.a. Therefore, protein does not chance the affinity of 

ACLNP to NFC. However, ACLNP itself still is able to adsorb on the NFC 

surface as seen before in the Figure 30.a. As in the case of UMLNP, ACLNP 

could be concluded not to be hydrophobic.  
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These results can be verified by observing Figure 31 where the mass 

adsorption focused on UMLNP with different anchoring substances has 

been illustrated. As it can be observed from the Figure 31, unanchored and 

protein-anchored adsorptions are almost the same after rinsing at 60 min.  
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Figure 30. The change in the oscillation frequency Δf as normalized by 

overtone number (3), and dissipation ΔD during the QCM-D run with a) 

only ACLNP, b) PDAAMAC+ACLNP, and c) Protein+ACLNP adsorptions. 

The dotted lines describe the point of injections as new compound and 

rinsing. 
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Figure 31. Sensed adsorbed mass of ACLNP on NFC with different anchoring 

substances adsorbed previously. The ACLNP was added at t-0min. The circle 

indicates the point of rinsing. 

As in the case of the UMLNP, the hydrophobicity of the ACLNP was further 

investigated with contact angle measurements. As it is presented in Figure 

32, the ACPLNs did not form a hydrophobic layer when spin coated on a 

silica surface. . However, it can be that the nanoparticles did either not totally 

cover the coated surface or were weakly attached to silica plate. 

 

Figure 32. Average contact angle of ACLNP surface plotted against time. 
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12.4 Particle coating and adsorption 

Acetylated lignin nanoparticles were coated with PDADMAC in order to 

cover the particle surface with positively charged polyelectrolyte to enhance 

binding to cellulose surface, and hence, modify the surface charge and 

functionality of the nanoparticles. In this experiment, the particle surface 

charge was desired to be reversed. However, any free polymer in the 

solution was not desired as it might disturb the attachment of the 

nanoparticles to NFC. The desired surface charge was determined to be 

positive but no excess polymer coating was desirable to use. Thus, optimal 

solution mixture of PDADMAC coating for ACLNP was modelled in Figure 

33. Consequently, the optimal coating mixture was observed to be at 0.15 

mg PDADMAC / mg ACLNP. Therefore, the ACLNPs were coated 

accordingly to this result, and the further QCM-D runs were performed as it 

can be observed from Figure 34. 

 

Figure 33. The optimal solution mixture of PDADMAC coating for ACLNP 

illustrated as Z-potential and particle size as a function of relative 

PDADMAC concentration. 

The adsorption of PDADMAC coated ACLNPs was observed to occur as 
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the coated particles seem to detach from the NFC surface. Subsequently, 

uncoated ACLNP was attached on the same sample (Figure 34.b) indicating 

that the PDADMAC of the coated particles stays at the surface even while 

the rest of the particle detach. However, the result might be manipulated by 

excess PDADMAC in the solution which may adsorb on the NFC before the 

coated ACLNPs. 

 

Figure 34. The change in the oscillation frequency Δf as normalized by 

overtone number (3), and dissipation ΔD during the QCM-D run with a) 

PDADMAC coated ACLNP adsorption and b) PDADMAC coated ACLNP + 

ACLNP adsorption 
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12.5 Evaluation of antimicrobial properties of the lignin 

nanoparticles 

According to the antimicrobial test taken place, the growth of 

Staphylococcus aureus as well as Streptococcus pneumonie were inhibited 

at the tested concentration levels by ACLNP dispersion and solid ACL. 

Additionally, the solid ACL was able to inhibit the growth of Enterococcus 

faecalis respectively. Simultaneously, no microbial inhibition properties 

were observed with LNP dispersion at the tested concentration. However, 

both the solid ACL and ACLNP additionally demonstrated a hemolysis effect 

that is the rupturing of red blood cells. The hemolysis might take part 

because of some impurities still existing in the acetylated lignin structure. 

Alternatively, it can be because of the chemistry taken place during the 

acetylation or dissolution, or possible existent of poisonous free phenol 

compounds.  

There was no inhibition observed against Escherichia coli neither 

Salmonella typhimurium. The last two bacteria are gram negative, while the 

other bacteria are known to be gram positive. Therefore, one could make 

some assumptions regarding that the acetylated lignin would have some 

specific effect selectively on gram positive bacteria. However, this 

assumption should be further investigated before making more specific 

conclusions. 

Results of the anti-microbial tests are represented in Table 4. Additionally, 

related images of the blood agar plates can be found in the appendix section 

as they are observable in the Appendix A (Figures A13-A18). 
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Table 4. Results of the antimicrobial tests as inhibition ring (mm) against 

each bacteria tested with different samples. 

Inhibition ring  

(mm)    

    Bacteria 

Sample 

 

S. 

aureus 

 

E. faecalis 

 

S. 

pneumonie 

 

E. coli 

 

S. 

typhimurium 

ACLNP 1 - 2 - - 

ACL 1 0.5 3 - - 

LNP - - - - - 
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13 Conclusions 

The purpose of this work was to obtain new knowledge regarding lignin 

based nanoparticles. Especially, opportunities of lignin nanoparticles as 

functional coating materials were researched with high interest. In addition, 

this work discussed about lignin structure, and its variability as a possible 

factor considering high value applications. Furthermore, various polymer 

nanoparticle preparation methods were discussed including the methods 

that used preformed polymers as well as monomers as a precursor. 

Furthermore, possible structures and properties of the polymer 

nanoparticles were described. 

In the experimental part of this work, two different nanoparticles were 

prepared utilizing alkali lignin as a precursor. These nanoparticles were 

characterized for the information regarding further experiments. Both, 

unmodified and acetylated lignin nanoparticles were characterized to be 

less than 200 µm in diameter according to DLS measurements. This size 

scale promotes the particle use in various applications such as drug 

carriers. Additionally, the ACLNP dispersion was proven to be stable at least 

for 45 days in DLS measurements that is promising for applications that 

require stable NPs. 

Furthermore, the prepared nanoparticles were tested regarding to the 

attachment properties towards the cellulose nanofibrils in various ways. It 

was observed that both kinds of the lignin based nanoparticles were 

attachable on nanofibrillated cellulose surface using cationic PE as 

anchoring layer. It was proven possible to coat the ACLNPs with 

PDADMAC. However, the pre coated ACLNP still did not adsorb on the NFC 

surface despite of the PDADMAC coating on the particle surface. 

Finally, the antimicrobial properties of the prepared nanoparticles were 

tested in order to gather novel information about the possible future 

application opportunities in various products. Consequently, some 

antimicrobial properties were discovered wit acetylated lignin, while original 
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lignin based nanoparticles were not showing any kind of bacterial inhibition 

properties. Additionally, the acetylated lignin samples were discovered to 

possess some kind of hemolytic causing substances. The hemolysis effect 

can be considered as a challenge to be solved before nanoparticles could 

be applied into some products where they would interact with living cells as 

human body. 

Based on the results of this work, it would be possible to coat these particles 

on for example NFC surfaces in engineered environments. However, it 

would be challenging to use prepared nanoparticles in microbial inhibition 

applications if they either do not possess antimicrobial properties or are 

problematic against blood cells.  Furthermore, it is not certain if these 

particles could be applied in a hydrophobic surface coatings. On the other 

hand, it has to be remembered that if hydrophobic properties do not exist 

then applications with hydrophilic needs could be further examined and 

addressed instead. 

In order to utilize these nanoparticles in further applications, it should be 

considered how they would behave in various environments such as 

different pH and temperature. Additionally, more knowledge about different 

parameters effecting on particle preparation should be investigated in order 

to achieve environmentally and end product wise sound processes.  

The lignin based nanoparticles are an early stage research topic as there 

are only a few articles in the scientific literature discussing about this field. 

Therefore, research that would build the knowledge around this very 

abundant renewable resource could open new doors towards high value 

functional materials and applications in the fields of manufacturing, building 

as well as medical industry. 
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16 Appendix A 
 

 

Figure A1. AFM image 5µm2 of PDADMAC and LNP coated on NFC 

surface during QCM-D experiments. 

 

Figure A2. AFM image 2 µm2 of PDADMAC and LNP coated on NFC 

during QCM-D experiments. 
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Figure A3. AFM image 1 µm2 of PDADMAC and LNP coated on NFC 

during QCM-D experiments 

.  

Figure A4. AFM image 5 µm2 of ACLNP coated on NFC surface during 

QCM-D experiments. 
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Figure A5. AFM image 2 µm2 of ACLNP coated on NFC surface during 

QCM-D experiments. 

 

 

Figure A6. AFM image 1 µm2 of ACLNP coated on NFC surface during 

QCM-D experiments. 
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Figure A7. AFM image 5 µm2 of PDADMAC and ACLNP coated on NFC 

surface during QCM-D experiments. 

 

Figure A8. AFM image 2 µm2 of PDADMAC and ACLNP coated on NFC 

surface during QCM-D experiments. 
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Figure A9. AFM image 1 µm2 of PDADMAC and ACLNP coated on NFC 

surface during QCM-D experiments. 

 

Figure A10. AFM image 5 µm2 of Protein and ACLNP coated on NFC 

surface during QCM-D experiments. 
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Figure A11. AFM image 2 µm2 of Protein and ACLNP coated on NFC 

surface during QCM-D experiments. 

 

 

Figure A12. AFM image 1 µm2 of Protein and ACLNP coated on NFC 

surface during QCM-D experiments. 
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Figure A13. Initial state of the blood agar glass after introducing the 

samples: (up-left) Lignin nanoparticle dispersion, (down-left) acetylated 

lignin nanoparticle dispersion, (right) solid acetylated lignin. 

 

 

Figure A14. Staphylococcus aureus (meticillin resistent, MRSA) growing 

on a blood agar. ACLNP at left, solid ACL at right, LNP disappeared. 



69 
 

 

Figure A15. Enterococcus faecalis (vancomycin resistent, VRE) growing 

on a blood agar. ACLNP up left, ACL right, and LNP dispersion 

disappeared. 

 

Figure A16. Streptococcus pneumonie growing on a blood agar. Solid ACL 

on left, ACLNP dispersion on the left, and LNP dispersion disappeared. 
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Figure A17. Eschericcia coli growing on a blood agar. Solid ACL on the left 

and ACLNP dispersion on the right side. LNP dispersion disappeared. 

 

Figure A18. Salmonella typhimurium growing on a blood agar. ACLNP 

dispersion up and solid ACL on the down-left. LNP dispersion 

disappeared.nPP 


