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Abstract In this study, tall oil fatty acid ester of

softwood kraft lignin (TOFA-L) was used to prepare

TOFA lignin nanoparticles (TLNP) in water. The

average diameters for two prepared TLNPs in 0.1 mg/

ml concentration were 140 nm and 160 nm. TLNPs

were attached covalently onto modified and unmod-

ified cellulose fibres to form an antimicrobial com-

posite material. The modified cellulose fibres

contained reactive allylic double bonds with a degree

of substitution of 0.05. The antimicrobial properties of

both TLNPs and TLNP coated fibres (TLNP-C) were

studied against Escherichia coli, Staphylococcus

aureus and Pseudomonas aeruginosa using silver

nanospheres (average size 10 nm) and Lignoboost

lignin particles with 300 and 400 nm sizes as refer-

ences. Antimicrobial activity of the samples was

stronger against Gram-positive S. aureus cells than

against Gram-negative target microbes E. coli and P.

aeruginosa.

Keywords Lignin � Nanoparticles � Cellulose � Fatty
acid � Allylation

Introduction

Lignin is an aromatic polyphenol and one of the most

abundant biopolymers along with cellulose and hemi-

celluloses in plants and especially in wood species.

The native lignin contains many functional groups

such as phenolic and aliphatic hydroxyl groups,

methoxyl groups, carbonyl groups (–CHO and –

COOH) that have an impact on its reactivity and other

chemical properties. Technical kraft and lignosul-

fonate lignins are mainly produced in large quantities

as a side-product from kraft pulping processes and the

sulfite processes, respectively. The sulfur content of

kraft lignins is low, typically less than 1–2%, which

increases the potential for versatile material applica-

tions of kraft lignin. The chemistry and structure of

lignins, the effect of pulping processes on its structure

and properties, and valorization of lignins for different

kind of novel products and applications have been

discussed in several recent reviews. In many cases,

lignin modification is necessary for improved proper-

ties, and a prerequisite for use in applications such as

composites, adhesives, resins, or polyurethane based

materials (Ralph et al. 2004; Duval and Lawoko 2014;

Laurichesse and Avérous 2014; Crestini et al. 2017;

Spiridon 2018).

Lignin and its derivatives, such as lignin nanopar-

ticles (LNP), have been shown to exhibit antioxida-

tive, UV protecting and/or antimicrobial and other

bioactive properties (Dong et al. 2011; Yearla and

Padmasree 2016; Figueiredo et al. 2017; Farooq et al.
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2019; Figueirodo et al. 2018). Lignin has also been

observed to be a necessary reducing component when

silver nanoparticles are prepared onto the surface of

regenerated cellulose membranes (Hu and Hsieh

2015). Kraft lignin has been used as a starting material

when silica/lignin hybrid materials, modified with

nanosilver, were obtained and studied as antimicrobial

materials (Klapiszewski et al. 2015). LNPs have also

been used as templates to prepare polyacrylamide-

grafted LNPs for emulsion purposes as biosurfactants

(Silmore et al. 2016) and nanocomposites grafted with

poly (methyl methacrylate) (Yang et al. 2018). Lignin

nanoparticles (LNP) or colloidal lignin particles

(CLPs) have recently attained considerable interest

for many kind of purposes such as biomedical

applications and the most common methods for

preparation of LNPs were described, for example, by

Zhao et al. (2016) or Figueirodo et al. (2018).

Additionally, some techno-economical assessments

have been done for the production of LNPs in a larger

scale (Ashok et al. 2018). One popular method is based

on dissolving lignin in an organic solvent or mixture of

solvents and the subsequent spontaneous formation of

spherical particles in the range 100–300 nm upon

precipitation in excess of water acting as an anti-

solvent (Lievonen et al. 2016). This approach has

recently been shown to be scalable (Lintinen et al.

2018; Ashok et al. 2018).

Lignin as such is not highly reactive in free-radical

reactions such as graft polymerizations or coupling

reactions, for example, due to the residual double

bonds of lignins that are 1,2-subtituted and not

reactive towards free-radical attack (Doherty et al.

2011). Additionally, the reactivity in free-radical

reactions with unsaturated polymers is limited due to

the ability of phenolic hydroxyl in lignin to act as

radical scavengers (Lu et al. 1998; Tagami et al. 2019).

More generally, the radical polymerization of lignins

has been reported to have four main disadvantages: (1)

There is less control of the grafting reaction; (2) the

grafting efficiency can be reduced by the homopoly-

merization of the vinylic monomers; (3) the radicals

are resonance-stabilized on different positions on the

aromatic ring of the lignin, thus it is not possible to

know exactly where the grafting takes place on the

lignin structure; and (4) coupling reactions between

the lignin radicals can also occur and this competes

with the grafting (Duval and Lawoko 2014;

Figueirodo et al. 2018). However, LNPs as such have

also been used for grafting reactions (Yang et al.

2018).

Crude tall oil consists typically of fatty acids and

rosin acids. Tall oil also contains 6.5–20 wt%

unsaponified (neutral) compounds (Aro and Fatehi

2017). The tall oil fatty acid fraction (TOFA) can be

produced by using distillation to remove rosin acids

from the crude tall oil (Lindberg 2003). The TOFA

and fatty acid esters of lignin have been synthetized to

produce novel lignin-based products, for example, for

coating of paper boards and to improve board prop-

erties (Hult et al. 2013), or to improve compatibility of

lignin with polystyrene (Pawar et al. 2016). TOFA

compounds contain reactive double bonds that can be

utilized for grafting purposes (Uschanov et al. 2008;

Rämänen and Maunu 2014; Wang et al. 2018). Lignin

esters of maleic acid or trans-2-butenoic acid (croto-

nate) derivatives have also been used for improving

the reactivity of lignin towards cross-linking and

grafting reactions in thermal processes (Hu et al. 2014;

Luo et al. 2018). The esterification and activation with

2-bromoisobutyryl bromide is also used to increase

reactivity of lignin and selectivity for the atom transfer

radical polymerization (ATRP) (Li et al. 2015).

In a similar manner, cellulose fibres or other

polysaccharides such as xylan can be modified, for

example, by etherification with allyl glycidyl ether to

reactive cellulose derivatives for grafting purposes

(Pohjanlehto et al. 2011; Qi et al. 2012; Vehviläinen

et al. 2015). The grafting efficiency of allylated

derivatives have been observed to be higher compared

with unmodified ones, for instance, when unmodified

and allylated starches were compared in the grafting

with acrylic acid (Zhu et al. 2009).

The objective of this work was to investigate if

lignin nanoparticles with added value could be

prepared from TOFA-lignin. The hypothesis was that

TOFA would bring potential reactivity to the nanopar-

ticles enabling due to the double bonds of TOFA, for

example, chemical conjugation of lignin onto cellu-

lose in water suspension. In this work we first modified

lignin with tall oil fatty acid to yield a TOFA ester of

lignin (TOFA-L). TOFA-L was dissolved in tetrahy-

drofuran and then this solution was used for the

preparation of TOFA-lignin nanoparticles (TLNP)

using the anti-solvent precipitation method. The

TLNPs were linked covalently onto unmodified and

modified cellulose fibres, which were then coated onto
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a filter paper support. The antimicrobial properties of

TLNPs and TLNP modified cellulose fibres on filter

paper support were finally studied.

Experimental

Materials

Tall oil fatty acid (TOFA) was a received from

Forchem (Rauma, Finland).). According to the pro-

duct data sheet of the suppliers (product FOR5, www.

forchem.com/tall_oil_products), it contains 3.5% sat-

urated fatty acids (C16 palmitic acid 1.2%, C18 stearic

acid 1.5%, C20 arachidic acid 0.8%) and 86.3%

unsaturated fatty acids (C18:1 oleic acid 24.9%, C18:2

linoleic acid 52.4%, C18:3 linolenic acid 9.0%). Total

content of free carboxylic acids is 92%, rosin acids

5%, and unsaponifiables 3%. The weight-average

molecular weight of TOFA was calculated to be

280.5 g/mol. Kraft process lignin purified with the

Lignoboost process was provided by StoraEnso (Mn

2289, Mw 4450, polydispersity 1.9). Allyl glycidyl

ether (AGE, purity 99%) and other chemicals were

purchased from Sigma-Aldrich. The cellulosic starting

material was a medium viscosity dissolving grade

softwood (TCF) pulp produced by Domsjö Cellulose

Fabriker AB, Sweden.

Synthesis of TOFA lignin esters

Synthesis and characterization of the TOFA function-

alized lignin ester samples have been described in the

previous article (Hult et al. 2013). First, TOFA acid

chloride was synthetized using thionyl chloride.

TOFA acid chloride was then reacted with lignin in

dry dimethylformamide using triethyl amine as a

catalyst to yield the TOFA lignin esters, TOFA -L-50

and TOFA-L-100. TOFA lignin ester and Lignoboost

lignin samples were phosphitylated according to

literature method (Granata and Argyropoulos 1995;

Hult et al. 2013). Freshly prepared samples were

measured with 31P NMR immediately after prepara-

tion at room temperature. Spectra was measured on a

Varian Mercury-VX300 MHz and compiled from 512

transients using 5 s pulse delay for 90 Æ pulse. The

chemical shift scale was calibrated on the signal for

phosphitylated water (132.2 ppm). One measurement

per sample was carried out. According to the 31P NMR

spectroscopic method 88% and 98% of the aliphatic

and phenolic hydroxyl groups in the Lignoboost lignin

have esterified with TOFA yielding the products

TOFA-L-50 and TOFA-L-100, respectively, see

Table 1. The yields of both TOFA lignin esters were

similar to the previously published results (Hult et al.

(2013), approximately 70%.

Preparation of lignin nanoparticles

Formation of TOFA-lignin nanoparticles (TLNP50

and TLNP100) were prepared using THF as a solvent.

0.48 g of TOFA-L-50 or TOFA-L-100 was dissolved

in 360 ml of THF. 480 g of Milli Q water was slowly

(30 min) added to the solution under stirring at room

temperature. Thereafter, the main part of THF was

evaporated using rotavapor, and finally the TLNP

suspension was dialysed using a membrane with cut-

off 3500 Da. The final concentration of lignin

nanoparticles in water suspension was 1 mg/ml. The

overall yield of TLNPs was approximately 100%. The

unconjugated Lignoboost lignin nanoparticles with

sizes 300 nm (ML10) and 400 nm (ML11) were

prepared in similar way but without evaporation step

of THF. In this method lignin nanoparticles were

formed during the slow dialysis process as described

earlier (Lievonen et al. 2016).

Characterization of nanoparticles in dispersions

The mean particle size and zeta potential (by Smolu-

chowski model) of the lignin samples TLNP50,

TLNP100, ML10 and ML11 were measured using a

Malvern zetasizer—instrument (UK) from three inde-

pendent measurements. The dispersion stability was

evaluated by re-measuring the particle size and zeta

potential at different times (up to 11 months). The zeta

potential of the dispersions was also determined at

different pH values, ranging from 2 to 7 (pH was

adjusted by HCl or NaOH solutions).

Transmission electron microscopy

Transmission electron microscopy (TEM) was per-

formed on a FEI Tecnai 12 (USA) operating at
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120 kV. Water dispersions were applied onto a carbon

film support grid, incubated for 2 min and excess

water was removed by blotting the side of the grid onto

a filter paper. Imaging was done in bright-field mode

with slight under focus.

Preparation of cellulose and allylated cellulose

fibres

The mechanical and enzymatic treatment and allyla-

tion were performed according to the published

procedure by Vehviläinen et al. 2015. The dry Domsjö

cellulose sheets were first shredded mechanically for

5 h using a Baker Perkins shredding machine and

thereafter treated with enzyme preparation at pH 5,

50 �C for 2 h. The dry matter content after this

treatment was 23.6% of cellulose.Wet enzyme-treated

pulp (850 g) containing 200 g of cellulose (1.24 mol

of anhydroglucose units, AGU) was weighed and

added into a reaction flask with 1440 mL of water and

with 1730 mL of 90% aqueous tert-butanol. 240 ml of

10 M NaOH was added to adjust the molarity of

NaOH to 1 M in respect of the total amount of water in

the reaction mixture. The NaOH/AGU ratio was 1.9.

The reaction mixture was stirred first for 2 h at 65 �C,
cooled down to room temperature and stirred over-

night for activation with NaOH. The reaction mixture

was then heated to 45 �C, allyl glycidyl ether

(187 mL) was added, and the reaction mixture was

stirred again overnight at 45 �C. The molar ratio of

AGE/AGUwas 1.27. The degree of substitution (DSA)

of the 3-allyloxy-2-hydroxypropyl substituted

enzyme-treated pulp was characterized using a solid

state 13C CP/MAS NMR spectroscopy. The DSA was

0.05. Dry matter content of allylated cellulose pulp

was 17.6%.

Functionalization of cellulose and allylated

cellulose fibres with TLNPs

250 ml of TLNP50 and TLNP100 nanoparticle sus-

pensions (0.25 g of TNLPs in 250 ml) were used for

each functionalization batch and added into a 500 ml

reactor. 5.0 g of modified, allylated cellulose fibres

(0.88 g of AC) or 3.7 g of unmodified cellulose

(0.88 g of C) fibres was added with stirring (350 rpm).

The reaction mixture was heated up to ? 65 �C.
0.25 g of ammonium persulfate (APS) was used as the

radical initiator and added in 5 ml of water. The

reaction mixture was stirred for 18 h at ? 65 �C. The
reaction mixture was cooled down to ? 22 �C. The
cellulose fibres with TLNPs (TLNP-50-AC, TLNP-

100-AC, and TLNP-100-C) were filtrated onto a filter

paper (/ 125 mm, S&S 595, medium fast with a pore

size 4–7 lm) using a Büchner funnel and washed

several times with deionized water to remove salts and

TLNPs that were not attached onto cellulose fibres.

The TLNP-50-AC, TLNP-100-AC, TLNP100-C sam-

ples were dried on a filter paper at RT and weighed.

The yields were calculated based on the amounts of

used TLNPs and cellulose fibres compared with the

weighed amounts of TLNP and cellulose fibres on a

filter paper. The yields were 92% of TLNP-50-AC,

95% of TNLP-100-AC, and 91% of TLNP-100-C.

Only a small amount of the starting materials, either

TLNPs or cellulose fibres, were lost.

Reference filter paper sheets with allylated (5.0 g)

or unmodified (3.7 g) cellulose fibres without any

TLNPs were prepared in similar manner as described

above by treating the sheets only with APS in 250 ml

of deionized water instead of 250 ml of TLNP

suspensions. TLNP100 suspension without addition

of cellulose fibres and APS treatment was also filtered

through the filter paper.

Table 1 Amounts of different hydroxyl group species (mmol/g) in lignin samples. It was assumed that the lignin content of the

sample was 100%

Sample Aliphatic OH Carboxylic acid Condensed ? syringyl Guaiacyl p–OH–

phenyl

Phenolic OH Total OH

Lignoboost lignin 1.70 0.40 2.00 2.30 0.20 4.50 6.60

TOFA-L-50 0.29 0.12 0.20 0.18 0.00 0.38 0.79

TOFA-L-100 0.00 0.15 0.00 0.00 0.00 0.00 0.15
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Scanning electron microscopy

Scanning electron microscopy (SEM) was performed

on JEOL JSM-7500FA analytical field-emission scan-

ning electron microscope. The images were taken at

5 kV voltage. The freestanding films were attached on

the SEM sample holders with carbon tape and the

samples were metal coated by gold plasma sputtering

at 30 mA for 2 min.

Antimicrobial activity tests

The antimicrobial activity (antibacterial and antifun-

gal) of TOFA-lignin nanoparticle solutions (TLNP50

and TLNP100) was analysed with modified CLSI

M100-S19 method in Mueller-Hinton II broth. Silver

nanospheres (Sigma-Aldrich 795925, average size

10 nm) and ML10 and ML11 particles were used as

reference. Escherichia coli VTT E-94564, Staphylo-

coccus aureus VTT E-70045 and Pseudomonas

aeruginosa VTT E-96726 were obtained from VTT

Culture Collection and used as the target microbes.

Briefly, two-fold dilutions from the test samples were

prepared into broth and mixed with an inoculum (106

cells/ml) prepared from overnight at 37 �C grown

bacterial cells. Growth of the samples in microwell

system at 37 �C was monitored with automated

turbidometer, Bioscreen CTM (Thermo Scientific,

Finland) and Research Express software (Transgalac-

tic Ltd, Finland) for 48 h. Growth inhibition % values

were calculated from the growth curves (Alakomi

et al. 2006).

The antimicrobial activity of TLNP100-modified

cellulose films was examined against S. aureus VTT

E-70045 and E. coli VTT E-94564 by applying target

cells directly on the sample surface. Filter paper,

unmodified cellulose and a commercial silver blaster

were used as reference. Briefly, overnight in Trypti-

case soy broth grown cells were diluted in peptone

saline and 105 cells applied on test pieces (diameter

12 mm). Samples were incubated at 37 �C for 1 h and

viability of the cells analyzed with plate count

technique on plate count agar.

Results and discussion

Characterization of TOFA lignin nanoparticles

Preparation of TOFA conjugated lignin was per-

formed as described by Hult et al. 2013. The results of
31P NMR analyses for lignins and TOFA lignins are

presented in Table 1. The total hydroxyl group content

of Lignoboost lignin was 6.60 mmol/g. The results

show that nearly all of the aliphatic and phenolic

hydroxyl groups of lignin have reacted, forming

TOFA lignin esters: TOFA-L-50 with yield 88% and

TOFA-L-100 with the yield 98%. These yields are

very well in line with the results published by Hult

et al. 2013, where the yields were 75% and 100%,

respectively.

TOFA lignin nanoparticles were prepared using a

similar protocol as described previously for kraft

lignin using THF and solvent exchange via dialysis

(Lievonen et al. 2016). The main difference in our

approach was that the solvent exchange from THF to

water was made first by adding water slowly to TOFA

lignin dissolved in THF under stirring and evaporating

the solvent using a rotavapor. Dialysis was done as a

final step to remove the residual THF. The TEM

results (Fig. 1) show that spherical nanoparticles, less

than 200 nm in diameter can be prepared from TOFA

lignin by this approach. The average diameter for

ready-made nanoparticles in 0.1 mg/ml concentration

was 140 ± 42 nm and 160 ± 39 nm for TLNP50 and

TLNP100, respectively. The average diameter is

approximately half of the size reported by Lievonen

et al. 2016 and most likely originates from a faster

solvent exchange procedure. This conclusion is further

supported by more recent finding regarding LNP

preparation (Leskinen et al. 2017, Lintinen et al.

2018).

As shown in Table 1, the most of the aliphatic and

phenolic hydroxyl groups of lignin have reacted with

TOFA. When lignin nanoparticles are dispersed in

water the underivatized phenolic hydroxyl and car-

boxyl groups provide the particles a surface charge,

which can stabilize the nanoparticle dispersion by

electrostatical interactions. Typically, the amount of

underivatized carboxylic acid groups increased from

the original values 0.3–0.4 up to 0.5–1.0 mmol/g for

TOFA lignin esters (Hult et al. 2013). The zeta

potential values were very similar for both TLNPs,

being approximately - 30 mV (Fig. 2). This can be
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explained by the similar amount of carboxylic acid

groups (Table 1) in both TLNPs. On the other hand,

the zeta potential value is only a half of the

corresponding value (- 60 mV) for lignin nanoparti-

cles produced from the same lignin raw material, but

without TOFA-conjugation. In aqueous dispersion,

the surface charge originates mainly from deproto-

nated carboxylic acid groups, but at high enough pH

also from the free non-derivatized phenolic hydroxyl

groups at the particle surface. The amount of free

carboxylic groups is clearly lower in TLNPs as

compared to unmodified LNPs (Table 1) explaining

the lower zeta potential. The surface charge is still

high enough to prevent aggregation: both TLNPs are

stable colloids (Fig. 2.). However, the stability of

TLNPs may also be partly due to steric repulsion

between TOFA—chains attached to the LNPs. We

monitored the size and zeta potential of both TLNPs

for over 300 days after preparation (stored at ? 4 �C)

and the values remained at the same level, indicating

very good colloidal stability of the particle dispersion.

Some variation is observed, but since it is not

systematic, i.e. we do not see a systematic increase

in particle size or decrease in charge with time, we

conclude that these variations are not significant.

Antimicrobial properties of TOFA lignin

nanoparticles

Antimicrobial activity of silver nanoparticles (AgNP)

have been reported and mechanisms of antimicrobial

activity linked to interaction of AgNPs with bacterial

cell membranes (Hajipour et al. 2012; Romero-Urbina

et al. 2015). Romero-Urbina et al. (2015) observed in

their experiments that positively charged silver

nanoparticles (average size 10 nm) induced thinning

and permeabilization of the Gram-positive S. aureus

cell wall, destabilization of the peptidoglycan layer,

Fig. 1 TEM images of TLNP50 (top) and TLNP100 (bottom)
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and subsequent leakage of intracellular content, caus-

ing bacterial cell lysis. In our experiments the size of

the examined TOFA lignin nanoparticles was around

160 nm which indicates different mode of action.

TLNP50 and TLNP100 samples at 0.5 mg/ml con-

centration had antimicrobial activity, and growth

inhibition % against S. aureus E-70045 was

51 ± 21% and 31 ± 6%, respectively (Fig. 3,

Table 2). Antimicrobial activity of ML10 and ML11

samples (references) against S. aureus was weaker

than with the TOFA lignin nanoparticles. Antimicro-

bial activity of the samples was stronger against Gram-

positive S. aureus cells than against Gram-negative

target microbes E. coli and P. aeruginosa (Table 2).

Treatment of cellulose fibres with TOFA lignin

nanoparticles

The coupling of TLNPs onto allylated cellulose fibres

happens as a radical initiated reaction between reac-

tive double bonds of TLNPs and allyl groups of

cellulose fibres as presented in Fig. 4. The reactivity of

different unsaturated fatty acids and TOFA based

materials in grafting reactions, for example, with

acrylic monomers has been studied, when so-called

alkyd–acrylic copolymers and hybrid material have

been prepared. It has been shown that both the isolated

double bonds of oleic acid and the double allylic sites

of linoleic and linolenic acids are reactive in free

Fig. 2 Stability of lignin nanoparticles, TLNP50 (open sym-

bols) and TLNP100 (closed symbols). a average hydrodynamic

diameter and b zeta potential in pure water as a function of time

Fig. 3 Example of the

bacteriostatic activity of the

nanoparticles against

Staplylococcus aureus VTT

E-70045. Growth was

monitored with automated

turbidometer Bioscreen

during 48 h experiment in

liquid culture
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radical grafting reactions with monomers such as

methyl methacrylate or butyl acrylate (Uschanov et al.

2008; Wang et al. 2018).

The reaction was very effective between both

TLNPs and allylated cellulose fibres with yields over

90% and the filtrates were bright in every case

indicating that practically all the cellulose fibres

Table 2 Summary of the antimicrobial activity of the samples as growth inhibition (%) after 48 h in sample solutions. Test

concentrations were 0.50 and 0.25 mg/ml

Sample Staphylococcus aureus

VTT E-70045

Escherichia coli

VTT E-945678

Pseudomonas auruginos

VTT E-96726

0.50 0.25 0.50 0.25 0.50 0.25

TLNP50 (140 nm) 51 ± 21 15 ± 1 25 ± 10 12 ± 2 21 ± 4 13 ± 6

TLNP100 (160 nm) 31 ± 6 17 ± 9 39 ± 24 15 ± 1 12 ± 1 3 ± 1

ML10 (300 nm) 23 ± 1 10 ± 3 36 ± 5 14 ± 3 26 ± 1 13 ± 3

ML11a (500 nm) 25 ± 4 13 ± 1 12 ± 4 2 ± 3 15 ± 2 6 ± 2

AgNPb (10 nm) 64 ± 16 28 ± 3 97 ± 1 91 ± 1 97 ± 0 93 ± 2

a Test concentrations with ML11 0.625 and 0.3125 mg ml-1

b Test concentrations with AgNP 0.01 and 0.005 mg ml-1

Fig. 4 Scheme of the coupling reaction between reactive double bonds in TLNPs and modified cellulose fibres

Fig. 5 The suspension of TLNP50 after reaction with allylated cellulose fibres (left), the filtrated suspension on a filter paper sheet

(middle), and the clear filtrate of suspension (right)
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coated with TLNPs were collected onto the filter paper

sheets as illustrated in the Fig. 5. The dark brown

colour of unbound TOFA lignin ester was not

observed in the filtrate. The unmodified cellulose

fibres can also react with TLNPs in a similar way as

observed in the case of starch that doesn’t contain any

double bonds (Li et al. 2011). The distribution of

TLNPs onto the unmodified cellulose fibres was

different from the distribution of TLNPs on the

modified allylated cellulose fibres, which can be

observed in the SEM images presented in Fig. 6.

The TLNPs have distributed clearly more evenly onto

the allylated fibres, whereas on unmodified fibres the

TLNPs form larger clusters. The reaction of TLNPs

Fig. 6 SEM images of

functionalized cellulose

surfaces. TLNP100 particles

on unmodified cellulose

(left) and on allylated

cellulose (right). The SEM

images on top row are

control surfaces of

unmodified cellulose. The

middle and bottom rows

show samples after TLNP

attachment at low and high

magnification respectively.

The scale bars are shown in

the images. The SEM

images on bottom rows

show clearly that TLNPs

have reacted more

uniformly with allylated

cellulose fibres (right)
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takes place also with other TLNPs particles which is

similar to homopolymerization and it reduces grafting

efficiency, especially, onto the unmodified cellulose

fibres. This observation indicates that the allyl groups

of modified cellulose fibres react with double bonds of

TLNPs causing even distribution of particles on the

surface. However, without the grafted allyl groups, the

TLNPs react more easily with themselves forming

clusters. Zhu et al. (2009) have observed a similar

effect when they compared the grafting efficiencies of

unmodified starch and allyl modified starch with

acrylic momoners. The grafting efficiency (63–74%)

was much higher with the allyl modified starch

compared to the unmodified starch 53%). The grafting

efficiency depended on the DSA varying from 0.005 up

to 0.068. Already a very low DS improved the grafting

efficiency. Li et al. (2011) have also observed similar

behaviour with acrylated starch with DS 0.005–0.036

yielding higher grafting efficiency 66–81% than with

unmodified starch 57%.

Brown or brownish colour of lignin or TNLPs was

not detected in the filtrate when TLNP-coated filter

paper sheets were washed with 50% aqueous acetone,

which indicates covalent bonding between TLNPs and

cellulose fibres. Otherwise the brownish colour should

be observed due to a rather high solubility of lignins

even in 50% aqueous acetone (Domı́nguez-Robles

et al. 2018). Brown colour due to the solubilized lignin

was detected only when samples were treated with

1 M NaOH 50% acetone mixture, which causes the

hydrolysis of TOFA-lignin ester bonds.

TLNP100 suspension as such without addition of

cellulose fibres and APS treatment was also filtered

through the filter paper but no TLNPs remained on the

paper sheet.

Antimicrobial properties of TLNP functionalized

cellulose surfaces

TLNP-functionalized cellulose surfaces and also

allylated cellulose without any TLNPs had antimicro-

bial activity and bacterial cells applied on the surface

died during a 30 min exposure (Table 3). During the

experiment bacterial cells survived on the filter paper,

unmodified cellulose and silver plaster. This indicates

fast interaction of the target bacteria with allylated

cellulose and functionalized cellulose surfaces.

Phenolic hydroxyl and allyloxy groups of compounds

have previously been linked to antimicrobial efficacy

(Ultee et al. 2002; Arumugam et al. 2010). In addition,

Fillat et al. (2012) have observed a similar antimicro-

bial activity of some natural phenols grafted on flax

fibres used in handsheet products and applications.

Conclusions

In this work, we presented preparation of spherical

lignin nanoparticles from TOFA-conjugated kraft

lignin. The double bonds in the TOFA chain opens

up a route for further functionalization. We have

utilized the double bonds to covalently link the TOFA-

lignin nanoparticles with the fibrous cellulose mate-

rial. The results show how TOFA conjugated nanopar-

ticles were evenly distributed on allylated cellulose

fibres, where the reactive double bonds from both

nanoparticles and cellulose enabled more efficient

covalent coupling between these materials. The reac-

tion between TLNPs and unmodified cellulose fibres

was less efficient and TLNPs were observed to react

more with themselves and formed larger aggregates on

the cellulose fibres.

The TLNP solutions possessed antimicrobial activ-

ity, and the activity remained after attachment onto

Table 3 Survival of target

microbes (colony forming

units per sample) on tested

sample surfaces after

30 min contact time

Sample Staphylococcus aureus Escherichia coli

VTT E-70045 VTT E-94564

Filter paper 5 9 103 1.0 9 104

Unmodified cellulose (APS) 2.0 9 104 5.0 9 103

Silver blaster 2.0 9 104 1.0 9 104

Allylated cellulose (APS) \10 \10

TLNP100 on unmodified cellulose (APS) \10 \10

TLNP100 on allylated cellulose (APS) \10 \10

123

Cellulose



cellulose. Further research needs to be done with

antimicrobial mechanisms e.g. microbial cell mem-

brane interactions of lignin nanoparticles. In addition,

microbial cell interactions with the functionalized

surfaces should be examined in more detail. However,

current results indicate that also the reactive double

bonds alone without any other antimicrobial moieties

seem to play a role in antimicrobial activity.

Potential applications are, for example, bio-active

and antimicrobial self-adhesive tapes, papers, hand-

sheets, medical textiles, hygiene product etc.
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