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1. Introduction

Thin multifunctional coatings for textiles based on
the layer-by-layer application of polyaromatic
hybrid nanoparticlesy
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The textile industry is striving to develop versatile coatings, combining antibacterial, water-repellent, and
breathable properties, all while avoiding toxic components. However, the current solutions have
unfavorable ecological impacts. Although the use of waxes has offered promise and is an eco-friendly
option, there remains a challenge in achieving all the desired properties in a single solution. Here, we
employed biobased nanoparticles, produced from natural fatty acid, tall oil fatty acid (TOFA) and lauric
acid (La) esterified lignins and waxes, to create multifaceted textile coatings using a layer-by-layer
deposition method. Our results reveal that even at nanoscale thickness, the developed coatings
enhanced the water contact angle (WCA) of fabrics from 43° to ~150° while maintaining good
breathability (air permeability ranging between 23 and 31 mm/s. Moreover, the coated fabrics maintained
excellent hydrophobicity even after two washing cycles. The surface morphology and roughness of the
coatings characterized by scanning electron microscopy (SEM) and atomic force microscopy (AFM)
showed a defect-free and integrated coating layer. Additionally, the polyaromatic molecules integrated
into the coatings contributed to the textiles’ antibacterial properties against S. aureus (~50% inhibition
rate) and improved UV-shielding properties, demonstrating the potential for tailored functionality based
on specific application requirements. Our systematic correlation of chemical structure and particle
properties enabled a comprehensive understanding of their influence on the functionality and
performance of coated fabrics. Furthermore, the layer-by-layer method utilizing biobased particles is a
simple and efficient method to enhance the performance of cellulose-based materials. This positions
the approach as a promising solution for widespread multifunctional textile applications, such as
outdoor clothing.

military textiles,® smart electronic textiles,” healthcare textiles,’
and outdoor protective wear.®

The textile industry is actively pursuing the development of
simple multifunctional coatings that are non-toxic antibacter-
ial, stain-resistant, water-repellent, and UV-protective."”” These
functional textiles can be used in various applications, such as
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In recent studies, inorganic metals like palladium,” silver
nanoparticles® and synthetic organic compounds such as fluor-
ocarbon chemicals have demonstrated efficiency in enhancing
antibacterial properties, UV shielding, and water repellency.
However, these materials raise substantial environmental
concerns.”'® These concerns have led researchers to explore
alternative approaches that prioritize sustainability and mini-
mize adverse environmental impacts.*

Biobased materials have been investigated as more sustain-
able solutions for post-treatment in textile finishing. Recently,
biobased polyphenolic materials have gained significant atten-
tion in the textile industry. This increased interest is primarily
due to their excellent biocompatibility and diverse functional-
ities, such as UV protection, antioxidant properties, flame
retardancy, and antibacterial effects.’* Notably, lignin and its
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derivatives, one of the most abundant polyphenolic com-
pounds and byproducts of the pulp and paper industry, have
gained interest as potential biobased solutions to impart
textiles with UV-blocking and antibacterial properties.’® The
advantages of lignin are its high availability and affordability.
Sunthornvarabhas et al. (2019) highlighted the antibacterial
activity of a lignin-coated cloth against Staphylococcus epidermi-
dis, which underlines the feasibility of replacing silver nano-
particles with lignin in antimicrobial textiles.'* In Petkovska
et al.’s (2022) work, cotton was functionalized with a lignin-
containing coating, which acted as an efficient UV-blocker,
attributed to the abundance of UV-absorbing chromophore
groups.'®> However, lignin derived from the pulping process is
too hydrophilic to work as such for improving the water
repellency of textiles. Consequently, lignin is often chemically
modified to improve properties like hydrophobicity, solubility,
oxidative and photothermal stability, molecular mobility, and
compatibility with other polymers.'®"” For example, the hydro-
xyl groups of lignin can be esterified to improve its
hydrophobicity.'®'® Hult et al. (2013) coated paperboard with
tall oil fatty acid (TOFA) esterified lignin, which resulted in
significant improvement of packaging material hydrophobicity
and barrier properties.®

Natural waxes such as beeswax and carnauba have been
used for coating applications.”>*! For instance, Janesch et al.
(2020) successfully developed a superhydrophobic coating on
wood combining beeswax and tung oil solution.>> However,
waxes derived from pine and spruce trees have been overlooked
despite their versatile potential for use as building blocks,
except for a few studies. Beluns et al. (2022) coated nano paper
using pine needle wax dissolved in organic solvents by spray-
coating and dip-coating methods.??

A predominant focus in existing research involves the utili-
zation of wax solutions.?” Recognizing the inherent challenge
associated with the water insolubility of lignin and waxes in the
context of solution coating,>**> we note that the application of
particle coating can effectively address this issue. This alter-
native approach provides key benefits such as higher water
repellency, breathability, and lower emission of volatile organic
compounds.***” There are a few examples where this approach
has been successfully employed. Henn et al. (2021) crosslinked
lignin nanoparticles with an epoxy to create a multiprotective
particulate coating for wood. The particle morphology provided
efficient water repellency and breathability for the wooden
substrate.>® Similarly, Moreno et al. (2023) developed hybrid
particles using Urushi and lignin to produce multifunctional
hydrophobic protective coatings.”” However, the chemical
crosslinking used in these studies is not applicable to textiles
and wearables. In contrast, Forsman et al. (2017) achieved a
combination of high hydrophobicity and breathability in textile
coatings by utilizing carnauba wax particles, but the washing
fastness of the coating was poor.>

Despite the significant contributions of synthetic chemicals
to various research advancements, there remains a noticeable
gap in the systematic investigation of polyaromatic particles
and the relationship between the structure, properties, and
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applications of biobased materials in sustainable textile coat-
ings. The novelty of this work lies in incorporating natural fatty
acids into the lignin and then forming hybrid lignin particles,
enhancing their hydrophobicity compared to unmodified
LNPs, while also providing antibacterial, self-cleaning, and
UV-blocking properties.

In this study, we created multifunctional coatings using
polyaromatic particles comprised of modified hybrid lignin
nanoparticles. These particles were used to produce 100%
biobased coatings on cellulose nanofiber films (CNF) and on
cotton fabric. The obtained coatings and their properties were
further compared to coatings consisting of wax particles from
commercial carnauba wax and domestic spruce needle wax.
The layer-by-layer method was used to create self-assembled
multilayers on cotton textiles by dip-coating. The particle-based
coatings provided dual functions, modifying both the textile
surface morphology and chemistry. The incorporation of nat-
ural fatty acids in the hybrid lignin particles improved the
cotton fabric’s hydrophobicity and provided it with antibacter-
ial, self-cleaning, and UV-blocking properties. Additionally, the
application of particulate coating dispersion to the fabric
enhances the coating spreadability and provides excellent sur-
face coverage, while maintaining its breathability.

2. Experimental
2.1 Materials

The solvents used in this study included tetrahydrofuran
(THF, VWR, stabilized, 99.8%), pyridine (Sigma-Aldrich,
99.8%), chloroform (Sigma-Aldrich, 99.8%), and ethanol (Altia,
99.9%). Other chemicals used were poly-i-lysine (Sigma-
Aldrich, 0.1%), kraft lignin BioPiva 395, 95% dry matter,
obtained from UPM, (Lappeenranta, Finland), TOFA (a distilled
fraction with 98% C18 fatty acid purity) obtained from Forchem
(Rauma, Finland), dodecanoyl chloride (Sigma-Aldrich, 97.5%),
thionyl chloride (Sigma-Aldrich, 97%), and Celite® 545
(Supelco, filter aid, particle size 0.02-0.1 mm).

Spruce needle wax was obtained from the Natural Resources
Institute Finland (Luke). Norway spruce needle fraction was
oven-dried at 60 °C overnight and extracted using a super-
critical fluid pilot plant (Chematur Ecoplanning, Pori, Finland).
Approximately 1 kg of plant material was charged into a vessel
and placed into a closed reactor. The pressure in the reactor
was gradually increased to 350 bar, the temperature was
adjusted to 60 °C, and the flow rate of the supercritical carbon
dioxide was 0.45 l min~'. Two identical extractions were carried
out, and the resulting extracts were collected and weighed at
15 min intervals to determine the endpoint of the extraction,
which was reached at 105 min. The average yield of wax in the
two extractions was 1.7%. The obtained extract was further
purified by repeated dissolution in a small amount of hot
99.5% ethanol (ETAX Aa, Anora Group, Finland) and freezing
at —20 °C overnight. The solidified wax fraction was separated
by centrifugation (10 min at 2000 rpm) and siphoning, followed
by washing with cold 99.5% w/w ethanol and centrifugation.

Mater. Adv,, 2024, 5, 6114-6131 | 6115
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This procedure was repeated several times to remove the green
color from the fraction.

The refined carnauba wax (No1, yellow, m.p. 82-84 °C) was
purchased from Sigma-Aldrich (Steinheim, Germany). Car-
nauba wax consists of C26-C30 fatty acid aliphatic esters,
diesters, alcohols, and aromatic acids.*”

2.2 Preparation of derivatized lignin

2.2.1 Esterification with octanoic acid. Esterification of
lignin was performed according to Koivu et al. (2016)*® by
dissolving 1.0 g of lignin in 10 ml of THF, 0.7 ml of dimethyl-
formamide (DMF) and 0.78 ml of pyridine (all the solvents used
were anhydrous). The lignin was allowed to dissolve completely
in an N, atmosphere for 1 hour. Three different mol equiva-
lents (eq.) of dodecanoyl chloride - 1.3, 0.7, and 0.3 eq., with
respect to the amount of hydroxyl groups (mmol g~ ') in the
lignin sample (5.4 mmol g~ of phenolic and aliphatic OHs as
determined by quantitative *'P NMR analysis) were used for
esterification to obtain samples with varying degrees of sub-
stitution. The products were named accordingly as La-L;,, La-
Lo and La-L,4o. The dodecyl chloride was slowly added to the
dissolved lignin. The esterification was carried out at 60 °C,
under stirring with reaction times varying from 48 to 72 hours.
The purification of the esterified lignin started with adding
Celite 535 to the reaction until the mixture became powdery.
The product was then washed, under filtration, with cold water
and ethanol. The washed powder was left to dry overnight. The
product was extracted from Celite via Soxhlet extraction using
250 ml of THF as a solvent.*® The esterified lignins were
analyzed by "H NMR, HSQC for structural analysis, and *'P
NMR for analysis of remaining hydroxyl groups in the samples
and determination of their degree of substitution.

2.2.2 Esterification with tall oil fatty acids (TOFA). The
TOFA chlorides (TOFA-Cl) were synthesized by reacting 10 g
TOFA (30 mmol, estimated by the fatty acid mixture as an
average of C18 fatty acids) with an excess (8 g, 40 mmol) of
thionyl chloride under reflux for 1 hour. The product was
purified by distilling the excess thionyl chloride using a micro-
distillation system. The obtained TOFA-Cl was analyzed by
NMR. The TOFA esterification of lignin was performed by
adding 5 g of lignin (5.4 mmol g * of OH groups) in 30 ml
dry THF, 7.5 ml DMF, and 3.9 ml pyridine and stirred for
30 min at 60 °C in a N, atmosphere. TOFA-Cl was added (1.3 eq.
based on the phenolic and aliphatic OH groups) to the lignin
solution for esterification. The reaction was kept at 60 °C in a
nitrogen atmosphere for 48 hours with efficient stirring. Isola-
tion of the esterified lignin was done as previously described.?®
The isolated TOFA-lignin was further analyzed using '"H NMR,
HSQC, and *'P NMR.

2.3 Structural characterization of the starting materials and
derivatized lignins

2.3.1 Fourier transform infrared spectroscopy (FTIR).
FTIR-ATR spectroscopy was used to determine the chemical
composition of the starting materials and the derivatized
lignins. The spectra were acquired using a PerkinElmer
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Spectrum Two spectrometer (Waltham, MA, USA). The data
were recorded over a wave number range from 500 cm ™' to
4000 cm™ " with 10 accumulation scans and 4 cm ™" resolution.

2.3.2 Gas chromatography combined with flame ionization
detector (GC-FID) or mass spectrometry (GC-MS). The spruce
wax and TOFA were analyzed using capillary chromatography,
GC-FID for quantitative component analysis, and GC-MS for
identification of the compounds. The MS spectra were refer-
enced to the NIST (NIST17-1) spectral library. The samples (1
mg) were dissolved in 1,4-dioxane (100 pl), whereupon pyridine
(10 pl), and finally, N,O-bis(trimethylsilyl)trifluoroacetamide
(BSTFA) with 10% trimethylchlorosilane (50 pl) was added.
The mixture was heated at 60 °C for 15 minutes while shaken
occasionally. The samples were filtered using 0.45 um syringe filters
and analyzed immediately using Shimadzu GC-FID 6890 equipped
with an autosampler and FID detector. The samples were injected
into a capillary column (Agilent HP-5MS (5%-phenyl)-methyl-
polysiloxane, 30 m x 0.250 mm x 0.25 um film) with injector
temperature of 280 °C, and the compounds were separated using
carrier gas at 1.0 ml min~*, 80 °C initial temperature isocratic for
5 min, followed by gradient with 4 °C min~" until reaching 300 °C,
and finally keeping run isocratic at that temperature for 20
minutes. The GC-MS analysis was done using Shimadzu GCMS-
QP2010 SE equipment with Agilent HP-5MS (5%-phenyl)-
methylpolysiloxane, (30 m x 0.250 mm X 0.25 pm film) capillary
column. The previously prepared samples were analyzed using
identical run parameters for separating the analytes.

2.3.3 NMR spectroscopy. NMR spectra of carnauba wax,
pine needle wax, lignin, and the TOFA and octanoic acid
esterified lignins were acquired with a 400 MHz (Avance III
400) Bruker instrument equipped with a BBFO probe. The wax
samples and lignin derivatives were dissolved in CDCl;, and
lignin was dissolved in Dimethyl sulfoxide-ds (DMSO-dg). The
CHCl; (8C, 77.0 ppm; 6H, 7.26 ppm) and DMSO (8C, 39.5 ppm;
0H, 2.49 ppm) bands were adopted as internal references
for chemical shifts, respectively. In 'H spectra, the standard
pulse sequence zgig was used with 16 scans, a pulse angle of
90 degrees, an acquisition time of 1 second, and a pulse delay
of 5 seconds. Spectral width of 16 ppm was used. The HSQC
spectra were run using a Bruker standard pulse sequence
hsqcetgpsisp.2. The spectra were collected with 256 increments
of 32 scans and using a 2-second pulse delay and 11 ppm
spectral width in F2 (*H) dimension with 1024 data points
and 215 ppm spectral width in F1 (**C) dimension. Bruker
TopSpin 4.1.4 Mac version was used for spectral processing
using standard parameters.

2.3.4 Differential scanning calorimetry (DSC). To investi-
gate the thermal properties of starting materials, DSC was
measured using TA Instruments DSC 250 equipment. Raw data
was exported from TA Universal Analysis and imported to MS
Excel from which the DSC curves were created. Sample sizes
were 10-16 mg in aluminium hermetic pans with two drilled
holes (diameter 0.2 mm). A temperature program used a ramp
speed of 10 °C minute™ " and nitrogen flow of 50 ml minute "
ramp from —10 °C to 105 °C, isothermal 20 minutes, ramp to
20 °C (annealing cycle), ramp to 190, ramp back to 20 °C

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(first heating cycle to remove thermal history), and ramp to
180 °C (second heating cycle used as measurement cycle). The
glass transition temperature (T,) for lignin samples was defined
as one-half the change in heat capacity occurring over the
transition. T, was measured from the second heating cycle.

2.4 Nanoparticle preparation

The preparation of lignin nanoparticles (LNPs) commenced in
the same manner as previously described.>**° In this study, 5 g
of kraft lignin was dissolved in 95 g of acetone-water mixture
(mass ratio: 3:1) for 3 hours. The solution was filtered (paper
filters from Whatman, pore size 0.7 pm) to remove undissolved
residues. The particles were self-assembled into spherical par-
ticles upon rapid pouring of the solution into 350 g of vigor-
ously stirred deionized water. Acetone was removed from the
stable colloidal LNP dispersion by using rotary evaporation
(40 °C under reduced pressure).

Modified LNPs were produced from esterified lignins with
varying degrees of substitution using the same approach as
for unmodified kraft lignin. The samples were named as TOFA-
LNPs La-LNPs;,, La-LNPs,, and La-LNPs;,,. The solvent was
removed from the stable colloidal particle dispersions by
evaporation or dialysis using dialysis tubes (SpectraPorR RC
Dialysis Membrane, 6-8 kD).

Spruce needle wax particles were produced by adding 0.4 g
of wax to 100 ml boiling water and sonicating for 5 minutes at
55% amplitude by using an Ultrasonic Probe Sonifier S-450
(Branson Ultrasonics). The dispersion was cooled in an ice bath
immediately after sonication. Afterward, the dispersion was
filtered through a glass filter funnel with 100-160 pm nominal

— -

View Article Online

Materials Advances

maximal pore size. Carnauba wax particles were prepared with
a similar procedure as the spruce needle wax particles, detailed
information regarding the characterization and particle pre-
paration can be found in ref. 31.

2.5 Characterization of nanoparticles

2.5.1 Hydrodynamic size and {-potential. A Malvern Zetasizer
Nano (Malvern Instruments, UK) dynamic light scattering device
with a dip cell was used to measure the particles’ hydrodynamic
diameter and electrophoretic mobility. The {-potential was calcu-
lated from the electrophoretic mobility data by applying the
Smoluchowski model. All the measurements were performed in
triplicate, and intensity results were reported as an intensity
average followed by respective standard deviations.

2.6 Cellulosic substrates

A cellulose nanofibrils (CNF) dispersion was prepared from a
never-dried, bleached hardwood kraft pulp. To control the ionic
strength and counterion types, the pulp was washed into
sodium form prior to disintegration, which was achieved using
a high-pressure fluidizer (Microfluidics, M-110Y, Microfluidics
Int. Co., Newton, MA) after 6 passes.*? Freestanding films were
prepared through filtration of 100 ml suspension of CNF
(0.85 wt% through a Durapore membrane filter with 0.22 um
pore size at 2.5 bar pressure. The films were then dried in a hot
press (Fred S. Carver Inc.) at 100 °C for 2 hours with a pressure
of 2000 kg cm 2 and kept in standard conditions 23 °C and
50% RH) before use.*

2 bilayers

© 0PI
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Illustration of the layer-by-layer procedure for functionalization of the cellulosic substrates. (a) Photographs of aqueous nanoparticle dispersions

and cotton fabrics functionalized with the respective NP dispersions. (b) The NP samples from 1-7 are (1) SWPs, (2) CWPs, (3) La-LNPs;qq, (4) La-LNPs7q,

(5) La-LNPs3q, (6) TOFA-LNPs and, (7) LNPs.
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2.7 Textile samples

White lightweight bedsheet fabric of 100% cotton was pur-
chased for the study. The cotton samples were cut into approxi-
mately 2 cm x 3 cm pieces and washed with ethanol and water
prior to use to remove possible contaminations. The grammage
of the textiles was (0.014 & 0.002) g cm™ 2, which was an average
of three measurements.

2.8 Layer-by-layer coating of freestanding CNF film and
cellulose fabric with functional nanoparticles

CNF films and cotton fabric were cut into small strips and
soaked in water for a few minutes before the layer-by-layer
deposition. Strips were immersed in 0.1 g ml~" solution of poly-
t-lysine (PLL) for 5 minutes and thoroughly rinsed with deio-
nized water three times in separate beakers to achieve a uni-
form deposition of the cationic polyelectrolyte and to remove
any unbound or loosely attached molecules from the cellulosic
substrate. Next, the strips were immersed in nanoparticle
dispersions for 20 minutes, and the substrates were rinsed
with water after adsorption. A complete dip-coating cycle
provided one bilayer of PLL/particles, which was repeated until
5 bilayers were obtained on CNF films and 2 bilayers on cotton
fabrics (Fig. 1). The coated substrates were dried at room
temperature between blotting papers under a weight to avoid
wrinkles, and then heat treated in an oven for 10 minutes. The
oven temperature was specified for each coated sample at 10 °C
below T, of each starting material obtained by differential
scanning calorimetry (DSC) (Table 1).

2.9 Characterization of functionalized substrates

Morphology. The surface morphology of the coated cotton
fabric was investigated using a field emission scanning electron
microscope (FESEM, Zeiss Sigma VP, Germany). A 2 kV accel-
erated voltage using a secondary electron detector and a work-
ing distance of 3-5 mm was used to run the microscope in a
vacuum. Prior to imaging, the samples were attached to alumi-
nium SEM stubs with carbon tape, followed by sputter-coating
using a Leica Microsystems EM ACE600 coating system. (Leica
Microsystems, Wetzlar, Germany) to deposit a thin layer of
gold-platinum (5 nm) on the substrate. Fiji Image] software
(Research Services Branch, NIH, Bethesda, Maryland, USA) was
used for image analysis.

Table 1 Differential scanning calorimetry (DSC) results of starting materi-
als: lignin, modified lignin with lauric acid (La-lignin) at three different
equivalents (30, 70, and 100), modified lignin with tall oil fatty acid (TOFA-
lignin), carnauba wax (CW) and spruce wax (SW)

Sample T, (°C) Tm (°C)
Lignin 133 154
La-lignin30 120 —
La-lignin70 92 —
La-lignin100 50 —
TOFA-lignin 95 130
cw 75 85
SW 55 62
6118 | Mater. Adv., 2024, 5, 6114-6131
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Wetting properties. The interaction between water and
coated surfaces was measured by using a Theta Flex optical
tensiometer (Biolin Scientific), which utilized a 5 pl water drop
to determine the water contact angle (WCA). Four measure-
ments were taken for each sample, and the static contact angle
after 20 seconds was reported. Furthermore, the water absorp-
tion test was performed using several pl droplets and monitor-
ing the water absorption over time.

Surface roughness. The roughness of the coated freestand-
ing films was measured using atomic force microscopy (AFM)
with a Nanoscope V MultiMode scanning probe microscope
(Bruker Corporation, Massachusetts, USA). The height images
of the coated substrates obtained through AFM were analyzed
using Nano Scope Analysis 3 software to calculate the arithme-
tical mean height (Sa). The Sa analysis was performed on an
image with a size of 20 pm”>.

Anti-staining. To evaluate the self-cleaning properties of the
coating, two sets of experiments were conducted. In the first
experiment set, we evaluated the ability of the coated fabric to
repel a colored liquid, specifically methylene blue. We dis-
solved methylene blue in water and rolled a droplet onto the
surface of the fabric, which was tilted at 30 degrees. We then
observed the behavior of the liquid on both the coated and
pristine fabric. In the second experiment set, we tested the
ability of the coated fabric to repel various staining liquids,
including red wine, milk, and coffee. Liquid droplets were
deposited onto the fabric surface and their behavior was
observed.

UV-shielding. The UV-shielding performance of the nano-
composite films was analyzed following the procedure outlined
by Kimiaei et al. (2022).** Rectangular film specimens (3 cm
long and 1 cm wide) were cut from samples. The transmittance
of the films was measured using Agilent Cary 5000 UV-Vis-NIR
Spectrometer (Agilent, CA) across the wavelength range of 200
to 800 nm. The results were reported for each sample as the
average value of triplicate measurements.

Reflectance spectroscopy. The color data for the coated
fabrics were measured to evaluate the differences in color after
treatment. The CIELab coordinates (L*, a*, b*) and reflectance
of the dyed samples were recorded using a spectrophotometer
(GretagMacbeth Spectrolino). The spectrophotometer was set to
D65 illumination and a 10° observer angle. Each sample was
measured five times to ensure precision. The color strength
(K/S) of the samples was calculated using the Kubelka-Munk
equation. This equation relates the reflectance (R) to the
absorption (K) and scattering (S) coefficients of the fabric:

K (1-R)?

S 2R
Here, R is the reflectance of the fabric. The measurements were
specifically taken at the maximum absorbance.

Bacterial imaging. To study the antibacterial activity of
coated samples, lights-off bioluminescent strains were used
as described by Jyske et al (2023).>* An aliquot of 7 ml of
bacterial inocula grown overnight was added for every 100 ml of
soft agar, Lysogeny agar (LA), (but with 7.5 g 17" (50%) agar

© 2024 The Author(s). Published by the Royal Society of Chemistry
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content), supplemented with 10% (v/v) sterile filtered phos-
phate buffer (PB) (1 M, pH 7.0) and 100 ug ml™" of ampicillin
(E. coli) and with 5 pg ml ™" erythromycin (S. aureus) at approxi-
mately 50 °C. The soft agar-containing bacteria was mixed
gently and rapidly poured over 6-well cell culture plates con-
taining triplicates of 1 cm x 1 cm pieces of the test fabric on a
thin layer of LA before the soft agar began to solidify. The plates
were then inoculated at 30 °C (E. coli) or 37 °C (S. aureus)
overnight (16 hours) and finally scanned using a SPECTRAL
Lago X in vivo imaging system (Spectral Instruments Imaging,
AZ, United States) with luminescence and image overlay modes.
The exposure time of 1 second and small to medium binning
(2x to 4x) was used with a field of view (FOV) 25 cm x 25 cm
(for 3 Petri plates at once), and an object height of 1.5 cm. Data
was then handled using Aura Spectral Instruments Imaging
Software version 3.2. Circular whole-well regions of interest
(ROIs) were used, and the results were obtained in photons per
s per cm per steradian (sr, unit of solid angle). To change the
results into more comparable units between bacterial inocula-
tions, the sample result averages from the three plate replicates
were divided with a control plate (containing only bacterial
inoculation soft agar and no sample) to obtain units of impact
factor (IF) and expressed in inhibition percentages (inhibi-
tion%).>> The error bars present the standard deviation
between the sample sheets on three plate replicates.

Water vapor transmission rate (WVTR). Water vapor sorp-
tion properties of the functionalized cotton fabrics were mea-
sured at 25 °C, 65% relative humidity. The test was executed by
placing 10 g of dry CaCl, in a 100 ml glass vial equipped with a
sealing screw cap with a hole. To close the glass vial tightly, an
aluminium mask with an exchange surface area of 4.9 cm? was
wrapped around the fabric and placed between the cap and the
vial. The mass of the vials was measured in a controlled
humidity chamber (RUMED Control 2000, Rubarth Apparate
GmbH, Germany) until the change in mass remained consis-
tent within 5% for two successive weightings. For each different
sample, three pieces of fabric were measured. The WVTR was
determined using the equation below.

Am

WVTR = ——
A x At

where Am denotes the increase in mass over time (A¢), and A4 is
the exposed area of the fabrics.

Air permeability. Air permeability was measured using the
capillary flow porometer (Porometer 3G micro, USA). In gas
permeability mode, the instrument measures the airflow
through dry cotton fabrics as a function of a fixed pressure
applied. Circular samples (sample area 2.19 cm?) were cut from
each coated fabric. The Frazier AP (mm s~ ') was obtained by
measuring the airflow rate that passes through the coated
samples at the fixed pressure of 125 Pa (12.7 mm H,0).

Washing fastness. To test the durability of the multifunc-
tional coating on cotton fabrics, real washing conditions
were simulated according to international standards (ISO 105-
C10:2006). The fabrics were placed in a soap solution with a
concentration of 0.5 mg 1™' and a pH of 7, with a liquor-to-
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fabric ratio of 50:1. The washing cycle lasted for 30 minutes
at 40 °C. After washing, the fabrics were rinsed with distilled
water and dried between blotting papers to obtain laundered
cotton fabrics.

3. Results and discussion

3.1 Fabrication and characterization of hybrid polyaromatic
nanoparticles

The objective of this study was to develop a straightforward,
and scalable biobased approach to tune the functionality of
cellulosic substrates, such as textiles, by applying a coating of
nanoscale particles. For this purpose, we produced hybrid
lignin nanoparticles (LNPs) modified with fatty acids with
various degrees of substitution and fatty acid carbon chain
length. Finally, we compared their properties and performance
in textile coatings to unmodified LNPs and NPs derived from
natural waxes (spruce and carnauba). FTIR, HSQC NMR, and
3'p NMR were used to confirm the successful esterification of
lignin, degree of substitution (DS), purity of the modified
lignins, and the structural composition of the waxes. The FTIR
spectra of unmodified and esterified lignins are illustrated
in Fig. 2(a). The successful esterification is reflected by the
gradual decrease of the hydroxyl group absorbance (O-H
stretching, 3500-3200 cm™') and the appearance of typical
ester C=0 group stretching bands at 1760 and 1737 cm ™"
(non-conjugated phenolic and aliphatic esters, respectively).
The increasing absorption bands at 2900-2800 cm ™" from the
fatty acid alkyl chain -CH; and -CH, stretching, moreover
verify the incorporation of alkyl chains in the lignin molecules.
This derivatization was done to increase the hydrophobicity of
the LNPs, since unmodified LNPs are hydrophilic.*® The ester-
ification reaction linking TOFA and lauric acid (La) to lignin is
shown in Fig. 2(c) and (d) respectively. The esterified lignin was
subsequently transformed into spherical particles using the
solvent exchange self-assembly method.?® The FTIR spectra of
spruce wax and carnauba wax (Fig. 2(b)), display abundant
—-CH; and -CH, group stretching vibrations at wavenumbers
of 2910 and 2848 cm .

The signal at 1741 cm ™' corresponds to the C=0 group of
the fatty acids and their esters, as expected for natural waxes.>®

The starting materials, lignin, and the esterified lignins, as
well as TOFA and waxes, were further analyzed using 1D and 2D
NMR to verify their purity and the success of the modifications
(ESL,t Fig. S1a—f). Additionally, *'P NMR was used to determine
the degree of substitution (DS) of the three La-lignins and
TOFA-lignin (ESI,t Table S1) by quantitative analysis of free
OH-groups in each La-Lignin sample. The DS varied from 44%
for La-Ls, to 60% for La-L,, and 95% for La-L,0, respectively.
The slight differences in the obtained DS compared to the
amount of reagent used in the reaction are most probably due
to the post-treatment washing stage. During the post-treatment
stage, the product is washed with aqueous ethanol to remove
any residual unreacted fatty acid chloride from the product.
Especially in La-L;, the partially derivatized lower molecular
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Fig. 2 Chemical characterization of polyaromatic material and morphology of the respective nanoparticle coatings on CNF freestanding films.
FTIR spectra of (a) unmodified, esterified lignins, and (b) carnauba and spruce needle waxes. A schematic presentation of lignin esterification by (c)
lauric acid chloride and (d) TOFA-chloride. (e) SEM images of CNF freestanding films functionalized with LNPs, TOFA-LNPs, La-LNPszo, La-LNPs;q0,
CWPs, and SWPs.
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weight fraction with higher ethanol-water solubility could be
washed out from the product, while the product with a slightly
higher degree of substitution remains. The analysis showed
that the preferential lignin esterification sites were aliphatic >
phenolic > condensed phenolic hydroxyls, where the steric
hindrance clearly slowed down the reaction rate and no full
esterification was obtained. The DS of the TOFA-lignin was
45%, which could be attributed to the heterogeneous structure
of the distilled TOFA and the fact that not all the TOFA acid
groups were derivatized when reacted with thionyl chloride.
The isolated lignins were used as such for the synthesis
of nanoparticles. Seven different types of nanoparticles were
prepared using the self-assembly method with unmodified
kraft lignin, the esterified lignins La-Lsy, La-L;o, La-Ligo,
TOFA-lignin, and waxes from spruce needle and carnauba. All
the components in the hybrid particles were biobased. Soft-
wood lignin and TOFA are byproducts of the chemical pulping
process. The primary constituents of TOFA are unsaturated
C18-fatty acids, such as oleic and linolenic acids.’®?” Lauric
acid, a saturated medium-chain length (C12) fatty acid, is a
major component of coconut oil and palm kernel oil and is
naturally found in various plant and animal fats and oils.?® The
particle average hydrodynamic diameters and zeta potentials
are shown in Table 2 and their morphologies are shown in
Fig. 2(e). All the La-lignins created very small particles, with
diameters ranging from 55 to 74 nm. The small size of La-LNPs
can be attributed to the lower amount of hydroxyl group
leading to less favorable interaction with water, and faster
particle formation.® The particle size of TOFA-lignin, at
140 nm, exceeded that of unmodified lignin, probably due to
the long length of the fatty acid chains C18 and a slightly
reduced zeta potential (Table 2). The spruce needle and car-
nauba waxes formed significantly larger particles than all the
lignin-based particles, exhibiting particle diameters of up to
(427 £ 173) nm. The zeta potential and size of CWP are in line
with previous findings.>" The zeta potential of the particles
varied between —17 mV for TOFA-LNPs to —42 mV for CWPs
(Table 2).

This negative zeta potential enables electrostatic repulsion
between particles and stable dispersions, as well as electrostatic
interaction with cationic PLL during layer-by-layer coating. The
La esterification did not alter the carboxylic groups in lignin,
hence La-LNPs and unmodified LNPs had similar zeta poten-
tials. The slightly lower zeta potential observed for TOFA-LNPs
correlates with the larger particle size together with more steric
hindrance during particle formation caused by the long-chain
fatty acid esters (ESI, Table S1) and is in line with previously
reported values for TOFA-LNPs.*”

3.2 Functionalization of cellulosic fabrics with hybrid
polyaromatic particles

3.2.1 Surface wettability of the coated fabrics. Cellulosic
fabrics are biobased, breathable, and comfortable for the user,
however, their tendency to absorb moisture restricts their use
in more demanding applications, such as high-performance
outdoor apparel, industrial workwear, medical textiles, and
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Table 2 Hydrodynamic diameter, dispersity, and zeta potential of the
nanoparticles

Sample Size (nm) Dispersity ~ Zeta potential (mV)  pH
LNPs 119+ 1 0.12 —-30+£3 3.8
TOFA-LNPs 139+ 9 0.14 -17 £1 4.3
La-LNPss, 554+ 2 0.41 27 +1 41
La-LNPs,, 47 £ 2 0.47 —34+1 43
La-LNPS;00 74 +1 0.11 —35+4 4.1
CWP 427 £ 173 0.15 —42 £ 3 6.3
SWP 393 £9 0.58 —29 %2 4.8

athletic performance wear.*® To investigate how the different
particulate coatings from unmodified kraft lignin, esterified
lignins, and waxes affected the wetting properties of cellulosic
fabrics static water contact angles (WCA) were measured from
0 to 20 seconds and the value at 20 seconds is given in Fig. 3(a).
The reference (uncoated) cotton fabric had a contact angle of
(43 + 15)° during the first 20 seconds and absorbed the water
droplet in less than one minute as expected due to the
abundance of hydroxyl groups in cellulose. Fabrics coated with
unmodified LNPs absorbed the water in less than 20 seconds
due to the hydrophilicity of unmodified LNPs. In contrast,
coatings based on hybrid lignin nanoparticles effectively hydro-
phobized the fabrics, increasing the WCA of La-LNPs samples
with varying fatty acid-to-lignin ratio, to around 130°. There was
no significant difference between the LNPs with different DS of
esterification, good hydrophobicity was obtained even for the
sample with the lowest DS (La-LNPs3,). Surprisingly, the WCA
for fabrics coated with TOFA-LNPs was only 71°. Despite the
seemingly low coverage of both spruce needle and carnauba
wax NPs (Fig. 3(c)) the WCA on the fabrics coated with wax NPs
significantly increased to almost 150°. Partial coverage has
been shown to be sufficient to induce significant changes in
wetting properties and similar results have been found for
cellulose fabric coated with CWPs*' although SWPs have not
been studied previously.

To further improve the hydrophobicity of the coated fabrics,
a thermal annealing step was applied to each sample for
10 minutes. Thermal annealing could additionally improve the
adhesion between the particles and the cellulosic substrate.**
The annealing temperature was selected based on DSC results
(Table 1, and ESL¥ Fig. S7). For each system, temperatures 10 °C
below T, were chosen. This choice provided enough energy for
the reorientation of different moieties without fully melting the
particles. As a result, more hydrophobic moieties were brought
closer to the air interface, increasing the surface hydrophobicity
without sacrificing the roughness of the surface.*?

The most significant increase in WCA after thermal annealing
was observed for the TOFA-LNP coating, which increased from 71°
to 141°. We speculate that the abundance of carboxylic functional
groups in TOFA, observed in *'P NMR (ESL} Table S1), initially
contributes to the low contact angle of the TOFA-LNP coating.
However, during heat treatment, owing to the long hydrocarbon
chain (C18) and the low melting point of TOFA, it appears to
migrate more readily to the nanoparticle surface during annealing,
potentially also exposing more of the hydrophobic hydrocarbon
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Fig. 3 Wetting properties and morphology of layer-by-layer coated and uncoated cotton fabrics. Ref is the uncoated cotton fabric and PLL is the fabric
coated only with the cationic PLL. Other samples were coated with LNPs, TOFA-LNPs, La-LNPszo, La-LNPs;q, La-LNPs100, SWPs, and CWPs layers. (a)
Static WCA at 20 seconds exposure using 5 pl water droplets. NP coated samples were measured both at RT and after annealing (HT), the HT temperature
was specified for each coated sample at 10 °C below T (Table 1), ranging from 45 °C for SW to 120 °C for lignin. (b) Photographs of water droplets on the
cotton fabric and annealed coated cotton fabric 30 minutes and 3 hours after exposure, showing possible absorption or spreading. (c) SEM images of
cotton fabric before and after coating. Pristine fabric, and fabric coated with LNPs, TOFA-LNPs, La-LNPs;09, SWPs, and CWPs.

chain, substantially increasing the contact angle. After the heat
treatment, the coated samples with La-LNPs; o, spruce needle wax,
and carnauba wax all reached superhydrophobicity with WCA of
(153 £+ 4)°, (158 £ 6)°, and (160 £ 2)°, respectively. Previously,
superhydrophobic coatings have mainly been achieved using syn-
thetic polymers like polydimethylsiloxane or perfluorinated
compounds**** and less often by using biobased coatings. A few
positive exceptions are e.g., the work of Luo et al. (2021)*® demon-
strating a WCA of 153.3° on cotton fabric coated with tannic acid,
borax, and poly-dopamine and Forsman et al. (2017) using CWPs.>!
The small water droplets of 5 pl used for WCA measurements
evaporated quickly, and therefore, to assess the long-term water
repellency and degree of water absorption, macroscopic water
droplets of several ml were deposited onto both pristine and
functionalized fabrics and imaged at 0.5, 1, 1.5 and 3 hours,
respectively (Fig. 3(b) and ESIL Fig. S9). Notably, the samples
coated with La-LNPs;, and wax NPs exhibited the most impressive
water droplet stability. The droplets remained stable for more than
3 hours and showed no sign of absorption or spreading. The
sample coated with TOFA-LNPs also showed good water droplet
stability, although the droplets started to absorb after one hour.
This excellent water repellency for several hours is in drastic
contrast to results for non-particulate lignin TOFA ester coatings
that showed stable water droplets for only 2 minutes and a contact
angle of 80°."” Another study reported that a four-layer coating
using the phenolic compound, benzoxazine, achieved a contact
angle of 120°.*® This comparison to previous literature clearly

6122 | Mater. Adv, 2024, 5, 6114-6131

demonstrates the advantage of using particulate coatings com-
pared to smooth films.

3.2.2 Morphology and surface roughness. SEM and AFM
imaging were combined to correlate the observed wetting and
anti-staining properties with the morphology of the samples.
SEM microscopy shows that the pristine cotton fabric appears
rough at a macroscopic level due to its woven structure. This
macroscopic structure is also retained for all coated fabrics.
The surface of each fiber in the pure cotton material was
initially smooth with only minor structures visible, while func-
tionalization with a particulate coating led to a granular surface
structure. Deposition of two bilayers of PLL/particles resulted in
complete, uniform, and homogeneous coverage of the fabric
samples with lignin-based particles and satisfactory coverage of
wax-based particles (Fig. 3(c)).

We chose the LbL strategy and PLL as the cationic layer for
attaching the hybrid particles onto cellulosic textiles due to
previous positive experiences with this approach. QCM-D stu-
dies have shown that PLL adsorbs onto cellulose®’ and that
both unmodified LNPs** and CWPs>' adsorbs onto PLL. These
studies suggested that the adsorption was mainly driven by the
entropy gain due to the release of counterions and bound water
from both the substrate and the particles upon adsorption. We
assume a similar binding mechanism also for the La-LNPs and
SWPs that hasn’t been studied previously.

SEM micrographs of the coated samples after heat treatment
can be found in the ESIf (Fig. S8). We assume that the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 AFM height images of functionalized freestanding films with LNP, TOFA-LNP, and La-LNP, coatings.

macroscopic roughness of the fabrics was the same in all
samples.

Therefore, we used AFM to investigate the relationship
between particle size, distribution, and micro and nanoscale
roughness of coatings on CNF freestanding films (Fig. 4 and
Table 3). Thick coatings can fill all voids of the fabric, leading to
a decrease in surface roughness. However, the coatings applied
here were thin enough that this effect should be negligible.
The particle distribution on the freestanding CNF films was
uniform, and there was no evidence of aggregation (Fig. 4).
The CNF surfaces coated with a good nanoparticle’s coverage,
such as the La-LNP coated CNF, exhibited lower Sa values
compared to films with a larger NPs size range, such as the
CWP coated CNF. This is because the small La-LNPs particles
could produce an even continuous coating on the surface.
Comparing the WCA of the coatings on a smooth CNF film
(Table 3) with the WCA on cotton fabrics (Fig. 3) it is evident
that the macroscopic roughness of cotton is essential for the
observed superhydrophobicity.

The clearly rougher CWP and SWP coatings resulted in
qualitatively similar WCA as the LNP-based coatings with
smaller Sa. This indicated that on smooth substrates, the
surface chemistry of the compounds dominates the wetting
properties and the effect of nanoscaled roughness was not
evident. These findings align with the observations by Henn
et al. (2021), who noted that thicker LNP coating layers on wood

Table 3 The effect of different coating on the surface roughness of CNF
film presented arithmetical mean height (Sa), measured five times for each
sample with size of 20 pm?2 and WCA of coated CNF at room temperature
(RT) and after heat treatment (HT)

Sample Sa (nm) RT WCA (°) RT WCA (°) HT
LNPs 97 £ 10 56 £3 72 £1
TOFA-LNPs 89 £ 11 42 + 8 118 + 3
La-LNPs;, 92 + 14 92 £1 102 + 2
La-LNPs;, 77 £ 6 110 £ 1 105 + 4
La-LNPs; o0 95 + 12 118 + 2 106 + 1
SWP 245 £ 33 105 £ 3 105 £ 4
CWP 138 + 50 114 + 6 117 £ 6
CNF (ref) 82+4 . —

© 2024 The Author(s). Published by the Royal Society of Chemistry

led to reduced surface roughness due to closely packed
particles.*® Similarly, Dong et al (2010) demonstrated that
the roughness of the surfaces initially increased in the presence
of particles on the CNF film and then decreased with an
improvement in surface coverage.!

3.2.3 Anti-staining properties. The ability to resist staining
allows garments to maintain a clean appearance and reduces
the need for frequent washing leading to more efficient man-
agement of multifunctional fabrics.*® Inspired by the WCA
values above 150° and excellent water repellency, we investi-
gated the anti-staining properties of coated fabrics by dropping
an aqueous solution of methylene blue on coated fabric speci-
mens at tilting angle of 30°. The Methylene blue droplets
remained on the surface of pristine cotton fabric and fabrics
coated with unmodified LNPs. In contrast, no methylene blue
stains were left on the samples coated with modified lignin and
wax NPs (Fig. 5(a)-(f)) (Fig. S10, S11 and Video in ESI}). Coat-
ings with a combination of low surface energy and high rough-
ness can induce anti-staining properties, where water droplets
roll off the coated surface and simultaneously remove dirt
(Fig. 5(g))- This is often due to air pockets formed between
the particles, leading to the surface not being fully wet, as
described by the Cassie-Baxter equation (ESIL T eqn (51)).>° To
classify a surface as self-cleaning the roll-off angle coatings
should be less than 10°. In our case, the water droplets did not
roll off easily at tilting angles below 30°. Additionally, we tested
the stain resistance against typical food stains by using milk,
coffee, and wine. All liquids formed stable droplets with high
contact angles on La-LNPs,, coated cotton (Fig. 5(i)), while they
were immediately absorbed by the reference fabric (Fig. 5(j)).
The high WCA (>150°) and excellent anti-staining properties of
La-LNPs;, and wax NP coated cotton fabrics suggest that both
the roughness and the low surface energy of the coatings are
important.

3.2.4 Spectrophotometric measurement. Currently, skin
cancer ranks among the most widespread forms of cancer
globally. Therefore, enhancing the ability of textiles to provide
protection against UV radiation is gaining interest, particularly
for garments designed for children, sports, and work.>" Cellu-
losic fabrics have a low UV protective factor due to a lack of UV
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Fig. 5 Anti-staining properties of NP coated fabrics. Photographs of deposited methylene blue solution drop on a 30-degree angle tilted (a) reference
fabric, (b) LNPs, (c) TOFA-LNPs, (d) La-LNPs7q (e) SWPs, (f) CWPs coated fabrics. (b) Schematic illustration of water droplets’ behaviour on a tilted smooth
or particle coated surface. (h) Photographs of the water droplet profile on top of coated cotton fabric acquired at 20 s during WCA measurements. (i)
Photographs of milk, coffee, and wine droplets on the La-LNPs;o coated and (j) the reference uncoated cotton fabric.

adsorbing structures. However, adding a layer of functional
nanomaterial is attractive to protect both the fabric and the
user. To evaluate the UV-blocking potential of the biobased
coatings on cellulosic materials, CNF freestanding films were
functionalized using 5 bilayers of the NPs. The untreated CNF
freestanding film exhibited up to 90% UV-blocking at short
wavelengths in the UV-C region due to the physical thickness of

6124 | Mater. Adv.,, 2024, 5, 6114-6131

the film while its light-blocking capacity reduced gradually with
increasing wavelengths at UV-B and UV-A regions, showing light
transmittance of 25% at a wavelength of 350 nm (Fig. 6(a)). In
contrast, all coated samples demonstrated increased suppres-
sion of light transmittance in the UV-A, UV-B, and UV-C regions.
The transmittance of the coated films showed a higher blocking
percentage for UV-B compared to UV-A. The film coated with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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inhibition of bacterial growth against S. aureus and E. coli on cotton fabric. (c) Textile breathability of coated cotton fabric as a function of WVTR (g m

View Article Online

Materials Advances

60 -

S. aureus
8. aurcus

. coli
S. aureus
S. aurcus|

E. col
5 Y ° K[ O 8 &
R R T S S
LA

40

Inhibition (%)

20-

0

W

ot

Q
d) >

180
160 - - 1 cycle

[ J2cycles

140 -
120
100-
80
60 -
40A

WCA (°)

(a) UV-vis light transmittance spectra of coated and uncoated CNF films. (b) The antibacterial effect of the nanoparticle coatings involving the

-2

h~1) and air permeability (mm s~). Washing fastness of the coatings on cotton fabrics. (d) Changes in WCA (°) after one and two cycles of washing. (e) SEM
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LNPs and TOFA-LNPs demonstrated almost complete absorption
in the UV-B (280-315 nm) region and strong UV absorption in
the UV-A (315-400 nm) region due to the effective absorption of
UV radiation of the conjugated structures present in lignin. The
kraft lignin contains a high amount of aromatic UV chromo-
phore groups, such as methoxy-substituted phenoxy groups with
some conjugated double bonds, carbonyl functional groups, and

© 2024 The Author(s). Published by the Royal Society of Chemistry

quinone structures enabling broad-spectrum UV light absorp-
tion within the range between 250 and 400 nm.”* The presence
of conjugated double bonds within TOFA molecules in TOFA-
LNPs grants them an increased ability to absorb UV light within
the 200-400 nm wavelength range.>® In contrast, the La-LNPs,,
coating demonstrated slightly lower UV-blocking capacity, which
may be linked both to the diminished presence of phenolic
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hydroxyl groups in the modified lignin and the incorporation of
a high number of saturated fatty acids esters per weight lignin.
As a result, La-lignin70 samples had only 40% of the original
phenolic hydroxyl content of unmodified lignin (ESL,T Table S1).
Previously, smaller lignin nanoparticle dispersion (<100 nm in
size) exhibited higher UV-light absorbance in the 290-360 nm
wavelength range compared to larger particles.”*

We observed that in addition to the particle size, the
chemical composition of particles significantly influences their
UV-blocking capabilities. Specifically, the presence of lauric
acid in lignin nanoparticles was found to diminish the UV-
blocking efficacy of esterified lignin particles. Additionally, this
chemical component had an impact on the color of the
nanoparticle dispersion, resulting in a brighter appearance
compared to the unmodified counterpart and consequently
also reduction of the physical barrier as well (Fig. 1(b)).

To verify the effect of surface functionalization with nano-
particles on the color shading of white cotton, color coordinates
(L*, a*, b*, and C*) and color strength (K/S) of coated fabrics
were measured. The data are presented in Table 4. Surface
functionalization of white cotton fabric with polyaromatic
nanoparticles resulted in an increase in both a* and b* values,
indicating a shift towards a reddish-yellow color. This shift was
most significant for LNP followed by TOFA-LNP. The same was
observed in the photographs of coated samples (Fig. 1(b)).
Unmodified LNPs and TOFA-LNPs changed the visual appear-
ance of the fabric from white in native cotton to beige upon
coating. However, the La-LNP, SWP, and CWP coatings did not
result in a visual color change. Hence, especially La-LNPs are
very interesting for textile modification since they provide
multifunctionality without changing the color of the sample.

3.2.5 Anti-bacterial properties of the nanoparticle coated
fabrics. Antimicrobial textiles are crucial in maintaining
hygiene, particularly in healthcare settings. They offer a sus-
tainable option for single-use materials while reducing textile
waste. Furthermore, they are becoming popular in sportswear
by preventing the growth of bacteria and unpleasant odors,
resulting in improved performance and comfort.>® Since we
aimed to develop multifunctional biobased coatings, we inves-
tigated the microbial inhibition of coated fabric against two
common pathogens: the Gram-positive bacterium Staphylococ-
cus aureus (S. aureus RN4220 + pAT19) and the Gram-negative
bacterium Escherichia coli (E. coli K12 + pcGLS11). These
bacteria account for a significant proportion of surgical site
infections (SSIs) that require hospitalization. According to
Abdullah et al. (2021), S. aureus and E. coli are responsible for

Table 4 Color measurement results for reference cotton and coated
fabrics

Sample Color name L* a* b* KIS
Reference cotton White 92.9 0.04 -0,5 0.02
LNPs Beige 65.8 11.3 19.1 0.58
TOFA-LNPs Beige 80.7 3.8 19.6 0.13
La-LNPs70 White 91.5 —0.01 3.8 0.02
SWPs White 93.3 —0.08 1.1 0.02
CWPs White 92.9 0.1 2.3 0.02
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18.8% and 17.3% of such infections, respectively.>® The anti-
bacterial effect of the particle coated fabric samples is
expressed as the average bacterial growth inhibition percen-
tages + standard deviation between three replicates (Fig. 6(b)),
and images of luminescent bacteria plates are shown in ESI,
Fig. S12. The results show that LNPs and TOFA-LNPs exhibited
the highest activity against S. aureus, resulting in growth
inhibition of 46 &+ 10% and 51 £ 1%, respectively. The sample
coated with only PLL had weaker antimicrobial activity than
TOFA-LNPs and unmodified LNPs against S. aureus but slightly
higher than La-LNPs. Interestingly, La-LNPs demonstrated
some activity against both S. aureus and E. coli, resulting in
growth inhibition of 17 + 4% and 26 £ 8%, respectively, for the
different bacterial strains. The lower inhibition of these parti-
cles may be attributed to their small particle size (between 50—
70 nm) and lower layer thickness, which has previously been
observed to impact the antibacterial activity of lignin
particles.*”*” Jyske et al. (2023) emphasized that the inclusion
of tannin-rich bark extract in fiber networks introduced an
inhibition rate of approximately 30%, which was highly depen-
dent on the thickness of the fiber network.** However, our
antibacterial coating, derived from LNPs and TOFA-LNPs, con-
sistently outperformed the previously reported values for nat-
ural components in the literature in terms of inhibition
percentages against S. aureus. Our study reports inhibition
percentages, differing from the common inhibition zone mea-
surements (in. mm) in existing literature, complicating more
direct comparisons with prior research. We employed an
advanced antibacterial method that combines both visual
assessment and numerical antibacterial calculation via photon
counting which enabled us to see the antibacterial effects with
even extremely low concentrations of the active substances,
demonstrating a higher accuracy compared to conventional
methods. Lignin is believed to possess antimicrobial properties
mainly due to its phenolic compounds. These compounds,
which have a double bond of o and f§ carbon linked by a methyl
group in the y position, can disrupt bacterial cell membranes,
leading to the release of biological components in cells.>®
Similarly, free fatty acids and their monoglyceride derivatives
have known antimicrobial properties.”® In particular, La, an
unsaturated fatty acid, can inhibit bacterial growth by disrupt-
ing the cell membrane and inducing the production of reactive
oxygen species.®® Previous studies on the antibacterial activity
of TOFA-LNP dispersion, also found that the bacterial inhibi-
tion of TOFA-LNPs was higher than that of unmodified LNPs
(31 + 6% and 23 + 1%, respectively).®” Moreover, the inhibitory
effect of unsaturated fatty acids was found to be greater than
that of saturated fatty acids, which is consistent with other
studies.®" The results of this study suggest that lignin fatty acid
nanoparticles have promising antimicrobial properties that
could be utilized in the development of novel coatings for use
on textiles to prevent SSIs caused by S. aureus and E. coli.
3.2.6 Breathability. Good breathability is important for
functional textiles. Clothing with good breathability is comfor-
table for the wearer because it allows moisture generated by the
human body to be released to the surface of the fabric.®***

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Herein, we evaluated the effect of the biobased coatings on the
breathability of fabrics using two complementary measurements,
water vapor transmission rate (WVTR) and air permeability. In
general, waterproof microporous textiles have pores that are
smaller than raindrops but larger than water vapor molecules
providing resistance to the penetration of liquid water while still
allowing water vapor to pass through. The WVTR values of the
coated fabrics were similar to those of pristine cotton (Fig. 6(c)),
indicating that these multifunctional nanoparticle coatings main-
tained the high water vapor permeability of the material.

Cotton fabric can be considered as a pseudo-2D porous
material, characterized by a complex pore structure at various
scales. On a microscopic level, there are pores between the warp
and weft yarns, typically larger than 5 um. At a smaller scale,
submicron pores are present between the individual fibers within
a yarn, ranging in size from 100 nm to 10 pm. Additionally, the
fibers themselves contain even smaller nanopores, with diameters
of less than 100 nm, owing to the inherent porous nature of
cotton fibers.*

Based on the SEM images (Fig. 3(c)), the pores between
the yarns which were initially micron-sized, became slightly
narrower shifting to the submicron range after coating. It is
possible that the nanoparticles partially clog the nanopores
within the individual fibers slightly reducing the air perme-
ability, while the air can still flow between fibers. The CWP
coating exhibited the lowest air permeability. Due to the varia-
tion in particle size with both small and large particles present,
it probably partially blocked the nanosized pores, but the fabric
was still considered breathable because of the partly open
submicron pores. In contrast to the WVTR, the coating affected
the air permeability. The air permeability decreased around
30% from 41 mm s~ for pure cotton fabric to a range of 23 to
31 mm s~ ' for the coated samples (Fig. 6(c)). In a study by
Maksoud et al. (2017), a commercial waterproof breathable
fabric showed an air permeability of 8 mm s™* and a WVTR
of 36 gm > h 1%

At first sight, the air and water vapor permeability seem to
be in conflict. However, considering the different mechanisms
the results are logical. Air permeability occurs in convection
conditions, where a large surface area is advantageous for air
permeability. In contrast, since water vapor permeability occurs
under free convection conditions, it is determined not only by
porosity and pore diameter but also by the interaction between
pore surface and water, leading to capillary forces.®”*®

In the uncoated cellulosic fabric, water can form hydrogen
bonds with hydrophilic hydroxyl groups on the cellulose mole-
cules slowing down the water vapor transport. The coating with
the polyaromatic NPs renders the cotton fabric hydrophobic
decreasing the attraction between water and fabric. Therefore,
the relatively fast movement of water vapor through the coated
fabrics is explained by the weak attraction between the water
molecules and NP coated fabric, as well as the hydrogen bonds
formed between the water molecules.®®

The capillary effect also plays an important role in the water
vapor transmission through the fabric. The spaces between
fibers form capillaries, and the smaller the spaces between

© 2024 The Author(s). Published by the Royal Society of Chemistry
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fibers, the better the textile’s ability to remove moisture. The
size, volume, and number of capillary gaps within the fiber
bundle determine the wicking effectiveness of the yarn.®>®®
For comparison, cotton fabrics were treated with commercial
Greenland wax (referred to as CoW) using both thin and thick
coatings of the wax. The results revealed that a thin coating
allowed for breathability but exhibited poor water repellency
(WCA (54 £ 3)°), whereas a thick layer of this commercial coating
blocked all the pores and dropped the breathability while
demonstrating good water repellency (WCA (114 £ 2)°). It is
worth highlighting that increased thickness in coating layers
may hinder air permeability which underscores the importance
of opting for thinner layers to achieve a balance between water
repellency and breathability.®® In addition, this result is consis-
tent with previous studies reporting that the WVTR value did not
change after cotton was treated with a waterproofing finish. This
is due to the reduced interaction between the surfaces of the
textiles and water molecules, as well as the increased capillary
effect of the deep grooves generated between the fibers.®

3.3 Stability of the coating - wash fastness

The wash fastness of the coatings was evaluated using static
WCA values and SEM (Fig. 6(d), (e), and (ESL,T Fig. S13)). The
WCA values of the La-LNP,, coated cotton fabric only decreased
from (144 + 4)° (after heat treatment) to (141 £ 5)° after 2
washing cycles. Based on the wash fastness test La-LNP;, coated
cotton fabrics exhibited high stability during washing. Even after
one or two washings, the coating showed considerable resistance
to detachment from the fabric, shown by the presence of
particles on the fabric after washing in SEM micrographs
(Fig. 6(e)). The exceptional wash fastness of the coating can be
attributed to the strong bonding between the La-LNPs and the
PLL coated cotton fabric. This is a promising result, as it
suggests that the coating has the potential to retain its functional
properties after repeated use and washing. Our contribution to
wash fastness data addresses a gap in prior wax coating
studies.”® The presence of La in the coating contributed to its
water-repellent properties, which could help protect the under-
lying cotton fabric from damage during the washing process.

As a quick test for scalability, the application of La-LNP;q,
coating to the fabric through the spray method was tested.
Following the application of a single bilayer of this coating, a
notable enhancement in the contact angle to (135 £ 2)° was
observed (ESL, T Fig. S14). Additionally, SEM analysis confirmed
the successful attachment of particles to the fabric’s surface
(ESL{ Fig. S14). This spray application method offers a con-
venient and user-friendly approach for applying coatings to
various textiles, including outdoor winter clothing, outdoor
furniture, and other fabrics requiring diverse functionalities
and breathability.

4 Conclusion

We have successfully developed multifunctional coatings using
biobased materials derived from wood and plant components.
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The utilization of aromatic hybrid lignin nanoparticles and wax
particles facilitated the fabrication of a 100% biobased coating
on cotton fabric through a layer-by-layer deposition technique.
Via systematic comparison of a range of different polyaromatic
nanoparticles, we found that the incorporation of fatty acids into
the lignin particles improved the hydrophobicity of the coating,
and the inclusion of phenolic structures added both antibacter-
ial and UV-blocking properties to the cellulosic fibers, while wax
particle coatings lacked these properties. Furthermore, our
hydrophobic coating demonstrated robustness, maintaining its
water droplet-repelling characteristics for several hours, a feature
not previously indicated in other studies. Additionally, the use of
aqueous particle dispersions made spreading of the coating easy,
providing excellent surface coverage, while maintaining the
breathability of the fabric. Overall, the results demonstrate
potential of utilizing biobased materials to produce multifunc-
tional coatings for textiles. These coatings offer high potential
for various textile applications: providing water and stain repel-
lency for outdoor clothing, ensuring safety and hygiene for
industrial workwear, promoting comfort and bacteria prevention
for medical textiles, and offering UV protection and breathability
for athletic performance wear. By systematically coupling the
performance to the chemistry and morphology of the particles
we envision that these findings can be used to further develop
sustainable and eco-friendly coatings for various applications in
the textile industry.
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