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The pressing need to replace petroleum-based plastics with renewable and biodegradable

alternatives has sparked growing interest in biopolymers derived from lignocellulosic

biomass as sustainable solutions. Among these, nanocellulose stands out as a versatile

product capable of forming strong, transparent, and flexible films. However, these films

lack active properties like antioxidant, antibacterial and UV-shielding capacity, essential

for applications such as food packaging. To address this, incorporating lignin,

a byproduct of lignocellulosic biorefineries, offers a promising route to enhance the

functionality of nanocellulose films. In line with this idea, this work studies the

incorporation of kraft lignin into nanocellulose films by two different protocols: the first

protocol involves directly mixing a cellulose nanofiber (CNF) suspension with an

aqueous lignin suspension; the second protocol uses lignin dissolved in acetone : water

(9 : 1) which is transformed into lignin nanoparticles (LNPs) via solvent shifting when

mixed with the aqueous CNF suspension. The resulting suspensions of CNFs and lignin

were subsequently used to produce casting films. It was found that incorporating lignin

into the CNF film not only conferred UV-shielding capacity, but also enhanced barrier

properties without compromising the mechanical properties, particularly when lignin

was introduced as LNPs (even at 10–20% LNP content). However, adding bulk lignin at

a high concentration (20%) negatively affected water vapor permeability and mechanical

properties. Antioxidant and antibacterial capacities correlated with lignin content,

showing greater enhancement when lignin was present as nanoparticles compared to

bulk lignin. These results indicate that forming LNPs in situ within the CNF suspension is

a more effective approach to optimize the properties of nanocellulose films. Thus, the
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obtained films presented good active properties with mechanical properties comparable

to those of traditional plastics, but significantly lower barrier properties.
1. Introduction

Nowadays, the extensive use of non-biodegradable plastics is seriously threat-
ening the environment and also human health.1,2 On the one hand, the produc-
tion of these plastics is based on fossil resources, which not only implies
environmental problems related to non-renewable raw materials and polluting
production processes (with associated emission of greenhouse gases), but also
a high dependence on the price of petroleum oil and natural gas. On the other
hand, the use of plastic is linked to serious environmental problems regarding the
disposal of non-biodegradable waste and the accumulation of microplastics, with
associated health problems. Therefore, the search for more environmentally
friendly materials based on renewable resources is crucial for today’s society.1

These new materials, called bio-plastics, should also be biodegradable, non-toxic,
and low-cost. Some of the proposed bio-plastics are polysaccharides (such as
chitosan, starch or cellulose), proteins (such as keratin, collagen, gelatin or soy
protein), polyesters (such as polyhydroxybutyrate (PHB)), or polylactides (such as
polylactic acid (PLA)).2

Among polysaccharides, nanocellulose stands out due to its high strength and
optical transparency, low density and lack of toxicity.3,4 Furthermore, it offers an
extensive surface area with highly versatile surface chemistry.3,5 Nevertheless, the
lack of active properties, such as antioxidant or antimicrobial capacities, limits its
application in some sectors such as food packaging or medical applications. To
overcome this limitation, active components can be incorporated into the
nanocellulose matrix. In the case of food packaging, natural compounds such as
essential oils, phenolic compounds, chitosan or nisin have been added into
different bio-plastic matrices in order to obtain packaging materials able to
protect the food from oxidation and microbial degradation.2 Lignin has also been
studied as an active compound, achievingmaterials not only with antioxidant and
antimicrobial capacities but also UV-shielding ability.1,6

Lignin is one of the most abundant natural polymers found in lignocellulosic
materials such those from trees as well as agricultural and forestry residues. The
main source of lignin is the pulp and paper industry, especially kra pulping mills,
which produce annually around 50–60 million tons of kra lignin.2 In this industry,
kra lignin is a residue in the production of cellulose kra pulp. Black liquor,
containing this residual lignin, is incinerated to produce heat and electricity, using
approximately 40% for self-supply and the remaining 60% for sale.7 In order to
increase the protability and sustainability of the pulp and paper industry, several
alternative uses of lignin in novel materials or chemicals have been investigated in
the past decades. For this purpose, it is crucial to understand the complex chemical
structure of lignin, which impacts lignin properties and is dependent on the lignin
source and isolation procedure,8,9 and thus will dene its potential uses.10 Its
polyaromatic structure with several different functional groups endows lignin with
active properties, i.e., antibacterial and antioxidant properties are attributed to
phenolic groups as well as functional groups with oxygen such as methoxyl
groups.6,11,12 Likewise, the UV-shielding ability is linked to phenolic and conjugated
This journal is © The Royal Society of Chemistry 2026 Faraday Discuss., 2026, 263, 294–318 | 295
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carbonyl groups.6,13,14 Furthermore, lignin properties also depend on the
morphology of lignin. In fact, several authors have reported higher active properties
(including UV-shielding, antioxidant and antibacterial capacities) of composites
with lignin nanoparticles (LNPs) compared to those with bulk lignin.15–17 Most of
these authors followed a two-step procedure to introduce the LNPs into the poly-
meric matrix. In the rst step, LNPs are normally formed by solvent shiing, pH
shiing or crosslinking/polymerization, although other methods, such as
mechanical treatment, ice-segregation, aerosol processing, etc., have also been re-
ported.7 Once the lignin nanoparticles are formed, they can be chemically modied
or directly added to the polymeric matrix in a second step. Only a few authors have
studied the formation of lignin nanoparticles directly on the polymeric matrix,
merging the formation and addition steps in a single step.18

The objective of the present work is to study the effect of the addition of lignin
into cellulose nanober lms, regarding its inuence on mechanical, thermal,
optical, barrier and active properties (antioxidant, antibacterial and UV-shielding
capacities). Apart from varying the dose of lignin added into the nanocellulose–
lignin lm, two different protocols of lignin addition prior of the formation of
lms have been studied to evaluate the inuence of the lignin morphology. The
rst protocol allowed the addition of bulk lignin suspension, while the second
one allowed the formation of lignin nanoparticles in situ within the nanocellulose
suspension (by solvent shiing). This second protocol simplies the most
commonly used procedure, in which lignin nanoparticles are rst formed in an
aqueous suspension and aerwards added to the nanocellulose suspension,
making its industrial application easier.
2. Materials and methods
2.1. Materials

Bleached kra pulp and black liquor were kindly supplied by La Montañanesa
pulp mill (Lecta Group, Spain). The raw material used by this pulp mill was
Eucalyptus globulus.

All chemicals were purchased from Sigma-Aldrich (Madrid, Spain) or Fisher
Scientic (Madrid, Spain).
2.2. Cellulose nanober production

Cellulose nanobers (CNFs) were produced from never-dried bleached pulp aer
a carboxylation pretreatment via TEMPO-mediated oxidation followed by micro-
uidization. Carboxylation was performed at room temperature and 1% (w/v)
pulp consistency, using 0.013 g of NaClO, 0.016 g of TEMPO (2,2,6,6-
tetramethylpiperidine-1-oxyl radical) and 0.1 g of NaBr per gram of dry pulp. 0.5 M
NaOH was used to maintain the pH at 10. Reaction was nished when no drop in
pH was observed. Then, oxidized bers were washed by ltration with deionized
water until at neutral pH and subjected to 4 passes in a microuidizer M-110 EH
(Microuidics Corp., USA). In the rst pass, an interaction chamber of 200 mm
was used, while in the rest of the passes two sequential chambers of 200 mm and
100 mmwere used. The resulting CNFs presented a carboxyl content of 1043± 150
mmol g−1 and a mean nanober diameter of 5.0 ± 1.4 nm.
296 | Faraday Discuss., 2026, 263, 294–318 This journal is © The Royal Society of Chemistry 2026
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2.3. Kra lignin extraction

Kra lignin was extracted from the black liquor via acid precipitation, adding
concentrated sulfuric acid drops under stirring until pH 2.5 was reached.
Precipitated kra lignin was separated from the liquid fraction by centrifugation
at 12 000 rpm for 10 min. Then, it was washed with acidied water (pH 2.5) and
separated by centrifugation 4 times. Finally, it was dried at 40 °C under vacuum
and homogenized in an agate mortar.
2.4. Nanocellulose–lignin lm formation

Two different protocols were followed for the preparation of the nanocellulose–
lignin lms, differing in the method used to prepare the lignin suspensions/
solutions. In the rst one, 0.3% (w/v) kra lignin aqueous dispersion (at pH 8)
was prepared using a Miccra D-1 high-shear homogenizer (Miccra GmbH, Ger-
many) equipped with aMiccra Pico DS-14-P disperser (3 min at 20 000 rpm). In the
second one, kra lignin was dissolved in 9 : 1 acetone : water to a nal concen-
tration of 0.3% (w/v) by magnetic stirring. Then, the lignin suspension/solution
was slowly added to 0.3% aqueous CNF suspensions under magnetic stirring.
Lignin–nanocellulose volume ratios were adjusted in order to prepare mixtures
with 0%, 2.5%, 5%, 10% and 20% lignin content (w/w with respect to the total
mass of dry lm). The mixtures were magnetically stirred for 60 min before
preparing the lms via casting (65.1 mL of each mixture was placed in a 90 mm
Petri dish and dried at 30 °C for several days until at constant weight). The lms
formed from the aqueous dispersion of lignin were labeled as CNF-XL, where X
indicates the percentage of lignin. When lignin was dissolved in acetone : water
(second protocol), its addition into an aqueous CNF suspension promoted the
formation of lignin nanoparticles (LNPs) by solvent shiing. Thus, lms prepared
via this protocol were labeled as CNF-XLNP, where X also indicated the percentage
of lignin.
2.5. Characterization of nanocellulose–lignin lms

The surface morphology of the lms was studied via scanning electron micros-
copy (SEM) using a JEOL JSM 6335 F microscope at an operation voltage of 5.0 kV.
Gold sputtering onto the sample surface was used to impart electrical conduc-
tivity. Analyses were developed in the technical facilities of the Spanish National
Centre for Electron Microscopy (Madrid).

FTIR spectra of the lms were directly acquired using a JASCO FT/IR 460 Plus
spectrometer (JASCO, Japan). Spectra were obtained in the 4000–600 cm−1 spec-
tral range with a resolution of 1 cm−1 and 400 scans.

Thermogravimetric analysis (TGA) was performed under a nitrogen atmo-
sphere in a TG Mettler Toledo instrument TGA/SDTA851e using alumina cruci-
bles. A rst drying step was carried out from room temperature to 105 °C,
maintaining this last temperature for 30 min. Then, the temperature was
increased to 800 °C at a heating rate of 10 °C min−1.
2.6. Water solubility and swelling capacity of nanocellulose–lignin lms

Solubilization of the lms in water was evaluated by placing a piece of each lm
(of known dry weight) in distilled water and keeping them under stirring for 24
This journal is © The Royal Society of Chemistry 2026 Faraday Discuss., 2026, 263, 294–318 | 297
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hours at 22 °C. Then, the lms were removed and dried in an oven at 105 °C.
Solubility was determined by comparing the dry weight of the lm before and
aer water immersion.

The swelling capacity of the lms was determined by submerging a piece of
each lm in distilled water for 24 hours without stirring. The swelling capacity
was calculated as the total water retention per gram of dry lm, determined by
weighing the wet lm aer removing the excess water with lter paper, and the
dry lm aer drying in an oven at 105 °C.
2.7. Water vapor permeability of nanocellulose–lignin lms

The water vapor permeability (WVP) of the lms was determined to evaluate their
gas barrier properties. The desiccant method was followed according to the ASTM
E96 standard. Films were mounted in test cells covering the 1 cm diameter hole of
their lids. Anhydrous calcium chloride was used inside the test cell to maintain
a 0% relative humidity, while the relative humidity outside was xed at 75% by
placing the test cells into a humidity chamber. Tests were performed at room
temperature over 4 days, following the weight gains every 24 hours. At least three
repetitions for each lm were carried out. The weight gain of each lm was plotted
versus time, and the water vapor transmission rate (WVTR) was calculated by
dividing the slopes of these curves by the exposed lm area. WVP was determined
according to eqn (1), taking into account the thickness of each lm (L, mm) and
the partial water vapor pressure difference on both sides of the lm (DP, kPa):

WVP ¼ ðWVTR� LÞ
DP

(1)
2.8. Mechanical properties of nanocellulose–lignin lms

Themechanical properties of the lms were determined via tensile tests performed
using an MTC-100L Universal Testing Machine (IDM, Spain). Young’s modulus,
tensile strength and elongation at break were calculated from the strength vs.
elongation curves for each type of lm. Test pieces of 40× 10mmwere tested using
an initial grip separation of 25 mm and a crosshead speed of 1 mm min−1.
2.9. Optical properties of nanocellulose–lignin lms

Total transmittance and diffuse transmittance between 200 and 800 nm wave-
lengths were determined for each lm using a Lambda 365 UV-vis spectrometer
(PerkinElmer, USA) with an integrating sphere. From these data, opacity (at 600
nm), transmission haze (at 600 nm) and UV-shielding capacity (between 400 and
200 nm) were estimated.

Color coordinates (CIE L*a*b*) were also determined using an ELREPHO 070
spectrophotometer (Lorentzen and Wettre, Sweden). Due to the transparency of
most of the lms, white paper (L* = 97.9, a* = −0.2 and b* = 2.4) was placed
under the lm when measuring. The color change due to the addition of lignin
was evaluated according to eqn (2), where the “CNF” subscript indicates the color
coordinates for the CNF lm without lignin, and the “i” subscript indicates the
color coordinate of each lm sample.
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DEi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðLCNF � LiÞ2 þ ðaCNF � aiÞ2 þ ðbCNF � biÞ2

q
(2)
2.10. Antioxidant capacity of nanocellulose–lignin lms

The radical-scavenging ability of each lm was evaluated following the ABTS+c
method19 in order to determine the antioxidant capacity of the lms. A 7 mM
ABTS (2,20-azinobis(3-ethylbenzothiazoline-6-sulfonic acid)) aqueous solution was
prepared, and potassium persulphate at a nal concentration of 2.45 mM was
added. The reaction mixture was placed in the dark at room temperature for 16–
24 hours to allow the formation of ABTS+c radicals. Then, the mixture was diluted
with 5mM phosphate buffer (pH 7.4) until an absorbance of 0.70± 0.02 at 734 nm
was reached. 2.5 mL of the resulting solution was placed in a cuvette and a piece
of the lm (between 1 and 0.3 mg) was submerged in the solution and thoroughly
mixed in a vortex. The absorbance of the mixture at 734 nm was registered over
6 min using a Lambda 365 UV-vis spectrometer (PerkinElmer, USA), determining
the percentages of inhibition (% I) for each lm as the difference between the
absorbance of the solution prior to the addition of the lm (Ai) and 6min aer the
addition (A6 min) (eqn (3))

% I ¼ ðAi � A6 minÞ
Ai

� 100 (3)

The antioxidant capacity of each lm was determined by comparing the
percentages of inhibition caused by the lm with those caused by standard solu-
tions of Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid). Thus, the
antioxidant capacity was expressed as mg of Trolox equivalent (TE) per g lm.
2.11. Antibacterial activity of nanocellulose–lignin lms

A Gram-positive bacterium (Staphylococcus aureus, CECT 231) and a Gram-
negative bacterium (Escherichia coli, CECT 433) were used to evaluate the anti-
bacterial activity of the nanocellulose–lignin lms. Nutrient broth (NB) and
Lennox Luria Bertani broth (LB) were used as the culture media for S. aureus and
E. coli, respectively. Inoculums were prepared by growing one bacterial colony
forming unit (CFU) in the corresponding liquid culture medium at 37 °C and
140 rpm for 16 h. 40 mL of these inoculums were added to sterile tubes containing
2 mL of LB or NB medium and a piece of each lm (30 mg). Controls without lm
were also assayed. At least three replicates for each lm were prepared. Aer 24 h
of incubation at 37 °C and 140 rpm, serial dilutions (in phosphate buffer) of the
resulting cultures were prepared and spread on agar medium plates. These plates
were incubated for 24 h at 37 °C and the number of bacterial CFUs was counted.
The antibacterial activity of each lm was evaluated according to the log reduction
(log R), which is related to the relative number of living bacterial that are elimi-
nated by the lm’s effect (eqn (4))

logR = log10(CFUcontrol) − log10(CFUsample) (4)
This journal is © The Royal Society of Chemistry 2026 Faraday Discuss., 2026, 263, 294–318 | 299
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2.12. Release of lignin from nanocellulose–lignin lms into food simulants

Two food simulants were used according to the Commission Regulation (EU) No.
10/2011 for plastic materials and articles intended to come into contact with food:
(1) simulant A: aqueous solution with 10% ethanol (v/v), simulating foods with
hydrophilic character capable of extracting hydrophilic substances; (2) simulant
D1: aqueous solution with 50% ethanol (v/v), simulating lipophilic foods capable
of extracting lipophilic substances, such as alcoholic substances and oil : water
emulsions. A piece of each lm (around 20 mg) was immersed in 10 mL of the
food simulant, and kept in a thermostatic bath at 40 °C for 10 days. Aliquots of
100 mL were taken periodically from the release medium, and the total phenolic
content of these aliquots was determined following the Folin–Ciocalteu method
with some variations.20 In brief, a mixture consisting of 100 mL of sample, 500 mL
of 1 : 10 Folin–Ciocalteu reagent : water, and 400 mL of 7.5% (w/v) Na2CO3 solution
was incubated at 50 °C for 10 min. Aer cooling, absorbance at 760 nm was
measured using a Lambda 365 UV-vis spectrometer (PerkinElmer, USA). Gallic
acid was used for preparing a calibration curve and the results were expressed
as mg of gallic acid equivalents (GAE) per mg of lm.
3. Results and discussion
3.1. Nanocellulose–lignin lm characterization

Two different protocols were used to prepare nanocellulose–lignin lms, differing
in how lignin was added to the nanocellulose suspension before lm formation:
one method involved adding bulk lignin to the suspension (CNF-L), while the
other promoted the in situ formation of lignin nanoparticles (CNF-LNP). As can be
observed in Fig. 1, both methods provided homogeneous and transparent lms
that became increasingly brown with rising lignin content (color will be discussed
in more detail in Section 3.5). The thickness and bulk density of the lms are
shown in Fig. 2. It was observed that the thickness of the nanocellulose lms (35.9
± 0.8 mm) was reduced when incorporating bulk lignin (29.3 ± 1.0 mm, 28.9 ± 1.3
mm and 31.3 ± 1.4 mm for CNF-2.5L, CNF-5L and CNF-10L, respectively), probably
due to a good interaction between lignin and nanocellulose, allowing the lling of
gaps between the cellulose nanobers. Similarly, Wang et al.21 observed an
Fig. 1 Nanocellulose–lignin films with bulk lignin (a) and lignin nanoparticles (b). The lignin
content of each film is indicated in the bottom of the images.
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Fig. 2 Thickness (a) and bulk density (b) of nanocellulose–lignin films.
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increase in bulk density from 0.83 to 0.93 g cm−3 when lignin was incorporated
into CNF lms, similar to that found in this work: from 0.96 g cm−3 for CNF lms
to 0.98–1.06 g cm−3 for CNF-L lms with up to 10% lignin content. Furthermore,
Liu et al.,22 Pasquier et al.18 and Kim et al.23 reported that the addition of lignin can
improve the colloidal stability and dispersion of CNFs, due to electrostatic
repulsion between both types of negatively charged particles/bers, which can
prevent coalescence during lm formation and agglomeration of CNFs during the
drying process. This fact can increase the density of the lms and the nal
mechanical properties and also allow a fast redispersion of the composite
lms.22,23 However, when 20% bulk lignin was incorporated, an increase in
thickness and reduction in bulk density was found (CNF-20L: 38.4 ± 0.5 mm and
0.80 g cm−3), likely due to aggregation of lignin, which can deposit on the surface
of the CNFs, increasing the space between the CNFs and interfering with the
intermolecular hydrogen bonds between nanobers.24
This journal is © The Royal Society of Chemistry 2026 Faraday Discuss., 2026, 263, 294–318 | 301

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fd00063g


Fig. 3 SEM images of the surfaces of the nanocellulose–lignin films at a magnification of
×23 000.
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When lignin nanoparticles were formed in the nanocellulose suspension, the
resulting lms showed a greater reduction in lm thickness (21.0 ± 1.5 mm, 22.5
± 0.6 mm, 26.8 ± 0.8 mm and 26.9 ± 1.7 mm for CNF-2.5LNP, CNF-5LNP, CNF-
10LNP and CNF-20LNP, respectively). The smaller size of the lignin
302 | Faraday Discuss., 2026, 263, 294–318 This journal is © The Royal Society of Chemistry 2026
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nanoparticles and the absence of lignin aggregates allowed not only better
interaction at the nanometric scale between the LNPs and cellulose nanobers,16

but also the lling of smaller spaces between the nanobers, even for 20% lignin
addition, since no LNP aggregates were found (Fig. 3), as it will be mentioned
below. Thus, the formation of in situ LNPs achieved higher packing and higher
bulk density of the nal material (1.15–1.46 vs. 0.80–1.06 g cm−3 for CNF-LNP and
CNF-L lms, respectively). Similarly, Wang et al.25 reported an increase in bulk
density from 1.10 to 1.17–1.25 g cm−3 when comparing CNF lms with those with
15% LNPs.

The surface morphology of the nanocellulose–lignin lms was studied via SEM
(Fig. 3). As can be observed, irregular lignin particles were found in lms with
bulk lignin increasing the size of these particles when increasing the lignin
content. Thus, CNF-20L lms showed lignin aggregates of different sizes up to
more than 1 mm, which caused the increase in lm thickness, as mentioned
above. On the other hand, when lignin was added dissolved in acetone : water,
lignin nanoparticles were formed, with smaller particles being observed in the
surface of the lm. When the lignin content increased, bigger nanoparticles were
formed, in agreement with results found for lignin nanoparticle formation by
solvent shiing in the absence of cellulose nanobers.26 Thus, CNF-20LNP
showed spherical LNPs of around 200–400 nm.

Films were characterized via FTIR spectroscopy, and spectra in the 4000–
600 cm−1 range can be found in the ESI (Fig. S.1†). Fig. 4 shows the 1800–
600 cm−1 region of these spectra, where the most characteristic bands can be
found. All the lms clearly showed the typical bands for cellulose rings (C–O–C) at
1160, 1105, 1051 and 1025 cm−1.27 The band at 1600 cm−1, associated with C]O
vibrations in –COONa groups, and at 1410 cm−1, associated with C–O symmetric
stretching of dissociated carboxyl groups, conrmed the oxidation of the hydroxyl
group at C6 of cellulose during the TEMPO-mediated oxidation pretreatment in
the preparation of the cellulose nanobers.28 This correlates with the high
carboxyl content determined via conductimetric titration (1043 ± 150 mmol g−1).
When lignin was incorporated into the lms, either in the form of bulk lignin or
LNPs, some of the typical bands associated with lignin were also observed,
increasing in intensity when the lignin content increased. Nevertheless, other
lignin bands were not found due to overlap with cellulose signals. Thus, only two
of the three bands associated with aromatic ring vibrations (1515 and 1420 cm−1)
were observed, being the aromatic ring band at 1610 overlapped with that of the
carboxylate groups in cellulose at 1600 cm−1. Other observed lignin signals were
associated with C–H asymmetric vibrations and deformations (1455 cm−1) and
with guaiacyl (1270 and 1216 cm−1) and syringyl units (835 cm−1), both typical
units from hardwoodmaterials such as eucalypt. Interestingly, lignin signals were
more prominent in lms with LNPs compared to those with bulk lignin
(comparing samples with similar lignin content).

The thermal stability of the nanocellulose–lignin lms was studied via TGA.
The weight vs. temperature curves and their rst derivatives are shown in Fig. 5,
while the corresponding degradation temperatures are shown in Table S.1.† No
big changes were found in the two main degradation temperatures of the nano-
cellulose–lignin lms (242 and 296 °C for the CNF lm), observing only slight
increases, especially for the 10 and 20% lignin contents (243–244 and 297–299 °C
for lms with 10–20% bulk lignin or LNPs). Neither were signicant changes
This journal is © The Royal Society of Chemistry 2026 Faraday Discuss., 2026, 263, 294–318 | 303
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Fig. 4 FTIR spectra of nanocellulose–lignin films in the 1800–600 cm−1 range: (a) films
with bulk lignin and (b) films with LNPs.
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found in the temperature at which 5% weight loss occurred, with only a slight
reduction from 228 °C to 226–227 °C being observed for lms with 2.5–10% L or
2.5–5% LNPs. Controversial results have been reported about the inuence of
304 | Faraday Discuss., 2026, 263, 294–318 This journal is © The Royal Society of Chemistry 2026
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Fig. 5 TGA curves: (a) weight loss and (b) its first derivative versus temperature of
nanocellulose–lignin films.
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lignin/LNP incorporation on the thermal stability of CNF lms. Some authors
have reported no signicant changes in the thermal properties of CNF lms when
incorporating small amounts of lignin or LNP (0.5–25%),22,29 in spite of the higher
thermal stability of lignin compared to CNFs, while other authors have described
improvements in thermal stability when incorporating 5% different kra lignins30

or 5% lignin nanoparticles.31 It is interesting to point out that when lignin
nanoparticles were formed, a delay in weight loss at 600–800 °C (associated with
higher Toff in nanocellulose–lignin lms with 5–20% LNPs) was found, which
could be related to slightly improved thermal stability. This nding could indicate
a better interaction between nanocellulose and lignin when the latter is in the
form of nanoparticles, probably due to the higher available surface area of LNPs
and the absence of lignin aggregates. Similarly, Nair et al.32 reported enhanced
thermal stability for PVA–LNP composite lms compared to a PVA–lignin
composite. These authors attributed it to a good dispersion of LNPs into the PVA
This journal is © The Royal Society of Chemistry 2026 Faraday Discuss., 2026, 263, 294–318 | 305
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matrix with lower agglomeration than in the case of bulk lignin, resulting in
a better miscibility of both components and stronger intermolecular hydrogen
bonds between them.
3.2. Water solubility and swelling capacity of nanocellulose–lignin lms

The stability of the nanocellulose–lignin lms in water was analyzed by deter-
mining both their water solubility and swelling capacity (Fig. 6). Note that the
incorporation of bulk lignin into the lm progressively increased their solubility
from 20.5%± 2.9% for the nanocellulose lm without lignin (CNF) to 32.4± 1.2%
for the lm with 20% bulk lignin (CNF-20L), while only a slight increase was
observed due to the incorporation of LNPs (24.7 ± 2.2% for CNF-20LNP). These
data may indicate that the incorporation of LNPs does not reduce the bonding
strength between cellulose nanobers, while the presence of lignin aggregates
weakens the cellulose web, in line with what was found for the thermal stability.
Wang et al.25 also suggested that the presence of large lignin aggregates, due to
Fig. 6 Solubility (a) and swelling capacity (b) of nanocellulose–lignin films.
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the incorporation of a high amount of lignin (such as 20%), hinders the hydrogen
bonding between cellulose microbers.

On the other hand, the swelling capacity of the lms with bulk lignin did not
signicantly change compared to the CNF lm (78 ± 10 vs. 74–83 g of water per g
of dry lm), in spite of the relative reduction of cellulose amount in the lms. The
reason could be that the presence of lignin aggregates introduces more space
between cellulose nanobers, acting as nano- or micro-spacers,33 and this new
space could be occupied by a higher amount of water. In contrast, when LNPs
were incorporated into the lm, lower swelling capacity was found, with a linear
correlation being observed between swelling and LNP content, especially for LNP
contents between 5% and 20% (R-squared of 0.9922). As mentioned above, the
incorporation of LNPs did not signicantly reduce the bonding between cellulose
nanobers, nor incorporate signicant spaces between nanobers, the small size
of the nanoparticles being the key to avoid the disruption of the strong brillar
network.18 However, due to the incorporation of lignin, the amount of cellulose in
the lm is reduced, also reducing the hygroscopicity of the lm and the available
surface for water adsorption. A similar effect in water absorption capacity (or
swelling capacity) was found by Agustin et al.34 when they incorporated LNPs into
nanocellulose cryogels.

3.3. Water vapor permeability of nanocellulose–lignin lms

Water vapor permeability (WVP) was evaluated by measuring the water vapor
transmission rate of each lm at 75% relative humidity and 23 °C (Fig. 7a). All the
lms showed WVPs of 9.7–20.5 × 10−11 g m−1 s−1 Pa−1, only slightly higher than
those reported for different bioplastics such as polylactic acid (PLA),
Fig. 7 Barrier and mechanical properties of nanocellulose–lignin films: (a) water vapor
permeability; (b) Young’s modulus; (c) tensile strength; and (d) elongation at break.
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polyhydroxybutyrate (PHB) or hydroxypropyl methylcellulose (HPMC): 1.9–17.9 ×

10−11 g m−1 s−1 Pa−1.6,35,36 Furthermore, it should be taken into account that the
WVP highly depended on the conditions during the test, and also on the proce-
dure followed for the lm preparation. Thus, the WVP could be improved by
forming the lms via ltration and hot-pressing instead of casting.37,38 Never-
theless, these WVP values for bioplastics are signicantly higher than those
corresponding to traditional plastics such as high-density polyethylene (HDPE,
1.7–3.5 × 10−14 g m−1 s−1 Pa−1), low-density polyethylene (LDPE, 6.7–8.7 ×

10−14 g m−1 s−1 Pa−1), polypropylene (PP, 2.3–4.6 × 10−14 g m−1 s−1 Pa−1) or
polystyrene (PS, 11.3–45.5 × 10−14 g m−1 s−1 Pa−1).39

When a low percentage of lignin (2.5%) was incorporated into the nano-
cellulose lm, an improvement in barrier properties was observed with both LNPs
and bulk lignin. This effect has been associated with LNPs/lignin lling the voids
between cellulose nanobers16,25 or with strong intermolecular interactions
between lignin and different biopolymer matrixes (such as HPMC, PLA, agar or
chitosan).6,13,40,41 In the case of LNPs, the decrease in WVP was bigger, due to the
smaller size of the LNPs compared to bulk lignin.30 Furthermore, no signicant
changes were observed when the LNP content increased from 2.5% to 20%.
However, when bulk lignin was added, a progressive increase in WVP was
observed when increasing the lignin content, probably due to lignin aggregation
(observed via SEM, Fig. 3), which increased the spaces between the nanobers
and weakened the cellulose web, as mentioned above. In contrast, due to their
reduced size, LNPs did not cause a disruption of the cellulose nanobrils, in line
with what was observed for the water solubility and swelling capacity of the lms.
Furthermore, thermal stability also indicated better interactions between nano-
cellulose and lignin when lignin was in form of nanoparticles, contributing to
preventing the decay of barrier properties.
3.4. Mechanical properties of nanocellulose–lignin lms

The mechanical properties of the lms were measured via tensile tests. Young’s
modulus, tensile strength and elongation at break (Fig. 7b–d) were calculated
from the strength vs. elongation curves for each type of lm. In general, it was
observed that the addition of lignin did not signicantly change thesemechanical
properties compared to the CNF lms without lignin, especially when it was
added allowing the formation of LNPs. Nevertheless, reductions in the tensile
strength (Fig. 7c) and elongation at break (Fig. 7d) values were found when bulk
lignin was added in equal or higher percentages than 10%, due to the presence of
lignin aggregates (from 72 MPa to 43–38 MPa and from 1.1% to 0.7–0.6%,
respectively), while increases in both properties were observed when bulk lignin
was added in low amounts (up to 94 MPa and 1.4% for CNF-2.5L lms). A similar
effect has been previously reported by several authors,6,16,17,42–44 who described
a plasticizing effect when lignin was added to different polymers in small
amounts, but which turns into a drop in mechanical properties when lignin is
added in excess due to lignin aggregation (clearly observed in CNF-10L and CNF-
20L (Fig. 3c and d)). However, these effects were not so clear when lignin was
added in the form of LNPs, with smaller increases in tensile strength and Young’s
modulus being observed for CNF-5LNP and CNF-10LNP and decreases for CNF-
20LNP compared to CNF lms. The lesser effect of the addition of LNPs could
308 | Faraday Discuss., 2026, 263, 294–318 This journal is © The Royal Society of Chemistry 2026
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be due to the smaller size of these nanoparticles, which did not signicantly
disturb the cellulose nanobril net,18 as mentioned above. Similar results were
found by Inoue et al.,45 who observed a signicant reduction in mechanical
properties when 10% bulk lignin was added to CNF lms, while the addition of
10% LNPs caused much lower decreases.

In conclusion, the resulting CNF-LNP lms showed higher tensile strength and
Young’s modulus compared to other biopolymers proposed for packaging (tensile
strength of 63–88 MPa vs. 15–35 MPa for PHB, 28–57 MPa for PLA or 6.4–43 MPa
for polyvinyl alcohol (PVA) and Young’s modulus of 7.7–9.7 GPa vs. 1.2–2.2 GPa for
PHB, 1.8–2.8 GPa for PLA or 1.2–2.1 GPa for PVA),35,36,46–50 even higher than those
of other traditional plastics (tensile strength of 7–25MPa for LDPE, 19–31MPa for
HDPE, 31–49 MPa for PS or 42–55 MPa for polyvinyl chloride (PVC) and Young’s
modulus of 0.15–0.34 GPa for LDPE, 0.8–0.9 GPa for HDPE, 2.7–3.4 GPa for PS or
2.8 GPa for PVC).39 However, the elongation at break was much lower than that
reported for those polymers (0.9–1.1% vs. 2–10% for PHB, 4.8–25% PLA, 80–400%
for PVA, 300–900% for LDPE, 20–50% for HDPE, 2–3% for PS or 20–180% for
PVC).35,36,39,46–50 Nevertheless, the elongation at break could be increased by add-
ing a plasticizer to the lms.

3.5. Optical properties and UV-shielding capacity of nanocellulose–lignin
lms

The optical properties of the lms were evaluated by measuring the transmittance
between 200 and 800 nm and the CIE L*a*b* color coordinates. The total trans-
mittance vs. wavelength curves are shown in Fig. 8. A clear reduction in trans-
parency (indicated by the total transmittance at 600 nm) was found when
increasing the lignin content (either as bulk lignin or LNPs), as was expected:
89.7% for pure CNF, 81.0–80.8% for 2.5% lignin, 74.1% for 5% lignin, 62.7–63.5%
for 10% lignin and 42.9% for 20% lignin. Nevertheless, these values of
Fig. 8 Total transmittance vs.wavelength curves for nanocellulose–lignin films, from 200
to 800 nm.
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Table 1 CIE L*a*b* color coordinates of the bionanocomposite films, color changes (DE)
compared to an HPMC film, and opacity and transmission haze at 600 nm

Sample L* a* b* DE
Opacity
(u.a. mm−1)

Transmission
haze (%)

CNF 95.0 � 0.8 −0.5 � 0.0 4.1 � 0.3 — 1.3 � 0.6 9.2 � 0.2
CNF-2.5L 84.4 � 1.0 1.1 � 0.3 20.5 � 1.4 19.6 � 1.7 3.1 � 0.8 16.8 � 0.4
CNF-5L 73.3 � 0.8 5.7 � 0.3 34.6 � 0.7 38.0 � 1.1 4.5 � 1.1 22.4 � 0.6
CNF-10L 59.6 � 1.1 13.3 � 0.6 43.1 � 1.1 54.5 � 1.7 6.5 � 0.9 32.4 � 0.1
CNF-20L 43.0 � 1.4 20.4 � 0.5 32.1 � 1.0 62.7 � 1.8 9.6 � 1.3 42.3 � 0.8
CNF-2.5LNP 82.8 � 0.6 1.6 � 0.2 25.2 � 0.8 24.5 � 1.0 4.4 � 0.6 14.5 � 0.8
CNF-5LNP 75.0 � 0.7 5.1 � 0.4 37.3 � 0.9 39.2 � 1.2 5.8 � 0.8 13.8 � 0.9
CNF-10LNP 59.8 � 0.3 15.3 � 0.5 49.8 � 0.1 59.9 � 0.6 6.4 � 0.7 11.3 � 0.5
CNF-20LNP 40.1 � 0.6 25.3 � 0.2 34.1 � 1.5 67.7 � 1.7 13.7 � 0.9 25.0 � 0.7
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transmittance allow seeing through the lms, even those with 20% lignin content
(Fig. 1). Similar results have been found previously for nanocellulose lms con-
taining lignin or LNPs, due to the dark brown color of lignin.29,31,44 No signicant
differences in total transmittance at 600 nm were found between lms with bulk
lignin or LNPs. Nevertheless, when opacity was calculated taking into account the
thickness of the lms (Table 1), slightly higher values of opacity were found for
LNP-containing lms (comparing lms with the same lignin content). This fact is
due to the lower thickness of the LNP-containing lms, as mentioned in Section
3.1, originating from the smaller size of the LNPs and the absence of lignin
aggregates. Furthermore, the presence of lignin aggregates in the CNF-L lms
caused higher increases in transmission haze at 600 nm, especially when
increasing the lignin content. This parameter indicates the amount of light that
deviates from the incident beam by more than 2.5° when it passes through the
lm. Thus, the larger the size and amount of lignin aggregates, the greater the
amount of light deviating due to light scattering, therefore resulting in a greater
transmission haze.

Fig. 8 also showed great UV-blocking due to the presence of lignin in the lms.
The higher the amount of lignin, the higher the UV-blocking effect, as previously
reported.15,18,29,31,44 This effect is due to lignin’s aromatic functional groups, such
as phenolic and conjugated carbonyl groups.15,18,29,31,44,51 Thus, 20% lignin was
required to completely block UV under 400 nm; however, a lm with only 5%
lignin completely blocked UV-B (315–280 nm), the most energetic component of
natural UV light. Comparing bulk lignin with LNPs, higher UV-blocking was
found for LNP-containing lms (for a xed lignin content). The self-assembly of
lignin to form the nanoparticles caused the connement of p–p aromatic
aggregates, enhancing the UV-blocking properties.15,29,51

CIE L*a*b* color coordinates were also evaluated to determine the color
change (DE) of the lms due to the addition of lignin when comparing them to the
CNF lm (Table 1). The lightness of the lms (L* coordinate) was signicantly
reduced when increasing the lignin content, as was expected due to the dark color
of lignin. Furthermore, clear increases in positive values of both the a* coordinate
(indicating red color) and the b* coordinate (indicating yellow color) were
observed when increasing lignin content. The only exception was the reduction in
the b* coordinate when increasing the lignin content from 10% to 20%.
310 | Faraday Discuss., 2026, 263, 294–318 This journal is © The Royal Society of Chemistry 2026
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Nevertheless, the global color change (DE) indicated an increase in color due to
the increase in lignin content, even in the latter samples. Interestingly, lm
samples with LNPs showed greater color changes than those containing bulk
lignin. As mentioned above, higher UV-blocking was associated with LNPs, which
has been previously related to a darker color.31

3.6. Antioxidant capacity of nanocellulose–lignin lms

Antioxidant capacity is a desirable property for several applications, such as food
packaging, since it contributes to protection of food against oxidation, reducing
avour loss, nutrient decomposition and production of toxic compounds.52 The
incorporation of lignin or LNPs into nanocellulose or other non-antioxidant
polymer lms provides lms with antioxidant capacity, as previously demon-
strated by several authors.6,17,18,53–56 The ability of lignin to stop the propagation of
oxidation reactions is related to the scavenging of free radicals by hydroxyl
phenolic groups, but also to the presence of methoxy groups, conjugated double
bonds and p structures, which stabilize phenoxy radicals via resonance.57 Thus,
Fig. 9a shows the antioxidant capacity of lms with different lignin contents,
showing a clear increase in antioxidant capacity when increasing the lignin
content. Nevertheless, a linear correlation between lignin content and antioxidant
capacity was not always found in insoluble lms such as the ones developed in
this work, which indicated that the antioxidant activity can be related to surface
activity and not only to migration of active compounds from the lm.17,18,54,58

Meanwhile, lms containing lignin nanoparticles (LNPs) exhibited higher
antioxidant capacity compared to those incorporating bulk lignin. The only
exception was lms with 2.5% lignin content, which showed similar antioxidant
activity. However, when lignin content increased, bulk lignin started forming
aggregates in the lm, which can hide active groups, resulting in lower antioxi-
dant activity.54 Furthermore, as other authors have previously reported, the
formation of LNPs increased the antioxidant activity due to the higher surface
area of LNPs compared to bulk lignin and lignin aggregates, which increases the
accessibility to surface active functional groups.17,18,29

3.7. Antibacterial capacity of nanocellulose–lignin lms

The use of materials able to control bacterial growth is very interesting in several
applications, including medical and food packaging. Although nanocellulose
does not have antibacterial properties, the introduction of lignin or LNPs into the
nanocellulose matrix would confer antibacterial capacity to the resulting lms.
Thus, the antibacterial capacity of CNF-L and CNF-LNP lms was tested against
Gram-positive and Gram-negative bacteria: S. aureus and E. coli, respectively
(Fig. 9b and c), both selected due to their association with human infections and
food spoilage.59,60 A signicant growth inhibition was found for both bacteria,
especially S. aureus, reaching log R values between 3.3 and 7.2, which means
inhibition in bacterial growth from 99.95% to 99.99998%, depending on the
lignin content and on the protocol followed for the preparation of the lms. The
higher antibacterial effect against S. aureus could be related to the lack of cell
membrane and the interaction of lignin with the dense peptidoglycan layer of
Gram-positive bacteria.11,42,61 In agreement, other authors have reported a higher
antibacterial effect of lignin against S. aureus compared to E. coli.62,63
This journal is © The Royal Society of Chemistry 2026 Faraday Discuss., 2026, 263, 294–318 | 311

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fd00063g


Fig. 9 Active properties of nanocellulose–lignin films: (a) antioxidant capacity, (b) anti-
bacterial capacity against E. coli and (c) antibacterial capacity against S. aureus.
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Although the antibacterial mechanism of lignin is not clear, it is normally
ascribed to rupture of cell membranes and to accumulation of reactive oxygen
species (ROS) on the bacterial surface,64,65 which causes oxidative stress and
therefore growth inhibition. Moreover, this ROS antibacterial mechanism is
normally related to the antioxidant capacity of lignin.64 Thus, its phenolic struc-
ture allows lignin to penetrate the cell wall via hydroxyl–lipid interactions,
resulting in damage of the cell membrane and subsequent rupture of bacterial
components.65 Therefore, antibacterial capacity is directly related to hydroxyl
phenolic content, but also to the methoxy groups, methyl group on Cg or side
chains with Ca]Cb.11,12,29,62,66 Moreover, lignin nanoparticles exhibit a notable
affinity for bacterial surfaces, enabling the nanoparticles to attach to bacterial
membranes and to interact with proteins and lipids, causing membrane
disruption and inhibition of the respiratory chain, plus oxidative damage, which
impedes bacterial proliferation.65,67 These phenomena explain the higher anti-
bacterial effect found when lignin content increased, and also when LNPs were
present in the lm instead of bulk lignin. Moreover, the tiny size of LNPs may
trigger the formation of adenosine triphosphate (ATP) due to lignin introduction
inside the bacteria and acidication of the medium due to its weakly acidic
groups. In addition, LNPs may affect protein synthesis in ribosomes, blocking
normal bacterial metabolism and leading to bacteria death.68,69
3.8. Release of lignin from nanocellulose–lignin lms into food simulants

As mentioned above, the antioxidant and antibacterial activity of insoluble lms
can be related both to surface activity and to migration of active compounds from
the lm. To study the migration of lignin from the lms, two food simulants were
used and the release of phenols was quantied (Fig. 10). It was observed that the
release of lignin or LNPs (directly related to the release of phenols) took place
mainly in the rst 30 min of immersion, and increased with the lignin/LNP
content of the lms, as expected. Only in the lms with 20% lignin/LNPs did
migration of phenol continue during the subsequent hours, but it stopped aer
24 hours, with the phenol concentration in the supernatants remaining
Fig. 10 Release of phenols (directly related to release of lignin) when films were immersed
for 10 days at 40 °C in (a) aqueous solution with 10% ethanol or (b) aqueous solution with
50% ethanol.
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unchanged aer this time. Comparing lms with similar lignin contents but
formed following the two different proposed protocols (bulk lignin or LNP
formation), similar lignin releases were found using simulant A (10% ethanol),
corresponding to 66–73% of the initial lignin content of each lm. However,
signicant differences were found with simulant D1 (50% ethanol), with a higher
release observed when lignin was in form of LNPs, especially for lignin contents
higher than 5%. Thus, the release of lignin, comparing LNPs vs. bulk lignin, was
67 vs. 77%, 66 vs. 80% and 64 vs. 79% for 5%, 10% and 20% lignin contents,
respectively. This higher release was likely due to the smaller size of LNPs
compared to lignin aggregates, which makes their dissolution in food simulants
and/or their migration/diffusion through the CNF lm easy.

Comparison with lignin-containing traditional plastics or bioplastics is hard to
establish, not only due to lack of data, but also due to different experimental
methods and conditions of the migration/release assays. For example,
Mikulášová and Koš́ıková70 studied the release of lignin from lignin–PP
composite lms, and observed a clear release of lignin when immersed in culture
medium. However, they use culture medium instead of food simulant with
ethanol and carried out the assays at lower temperature, which can explain the
lower release of lignin compared to that observed in our work, masking the real
effect of using PP instead of nanocellulose as a matrix. Another example, using
phenols instead of lignin, is that reported by Peltzer et al.,71 who studied the
release of carvacrol (a natural phenol compound) from HDPE and observed lower
release than in our study. Nevertheless, they used different food simulants (olive
oil or water) and the behavior of carvacrol is not comparable to that of lignin.
When the release of lignin from bioplastics was studied instead of that from
traditional plastics, a comparison was also hard to establish. Thus, Pasquier
et al.,18 who studied the release of lignin nanoparticles from lignin–cellulose
nanober or lignin–chitosan ber lms, observed lower release of lignin (<5%)
compared to our results. However, this lower release is probably due to the
conditions chosen for the release assay: (1) they used water instead of a food
simulant containing ethanol (10% in food simulant A and 50% in food simulant
D1), so the solubility of lignin was signicantly lower; (2) they carried out the
assay at room temperature instead of 40 °C, which can also reduce the solubility
of lignin, since migration is directly dependent on temperature according to the
Arrhenius equation; (3) they carried out the assay for 1 hour instead of 10 days,
limiting the liberation time. Nevertheless, their lower release of LNPs could be
also due to better interaction between lignin and the nanobers, especially the
chitin nanobers with a positive charge (and LNPs with a negative charge).

Finally, considering the results found for lignin release in our nanocellulose–
lignin lms, the antibacterial capacity of the lms against S. aureus seems to be
related to the migration of phenols from the lms: similar antibacterial capacities
for lms with the same lignin contents (independently of the presence of bulk
lignin or LNPs), except for CNF-20LNP in which there was higher release of
phenols compared to CNF-20L, could explain the higher antibacterial capacity.
However, the antibacterial capacity against E. coli, as well as the antioxidant
capacity of the lms, seems to be more related to the surface activity of the lms,
which was enhanced in lms with LNPs due to the greater accessibility of active
functional groups on the surface of LNPs compared to bulk lignin and lignin
aggregates.17,18,29
314 | Faraday Discuss., 2026, 263, 294–318 This journal is © The Royal Society of Chemistry 2026
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4. Conclusions

The incorporation of lignin into cellulose nanober lms gave them active
properties, regardless of whether the lignin was added in bulk form or as lignin
nanoparticles (LNPs). However, when lignin was incorporated into the nano-
cellulose suspension, allowing the in situ formation of LNPs, the resulting lms
showed higher antioxidant, antibacterial and UV-shielding properties compared
to those obtained with bulk lignin. Moreover, improvements in water vapor
permeability and mechanical properties were also displayed, even for a 10–20%
LNP content. Consequently, CNF–LNP lms exhibited excellent barrier,
mechanical and bioactive properties compared with other bioplastics, making
them promising candidates for active food packaging applications. Compared
with traditional plastics, good mechanical properties were achieved, but greater
improvements in barrier properties are still needed. However, compared to the
most commonly used protocols for preparing CNF-LNP lms (involving a rst
step for the formation of LNPs and a second step for their incorporation into the
nanocellulose suspension), the protocol proposed in this work simplies the
process to one step, making it easier to industrially scale up.
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9 M. E. Eugenio, L. Garćıa-Fuentevilla, R. Mart́ın-Sampedro, J. I. Santos,
B. Wicklein and D. Ibarra, Wood Sci. Technol., 2025, 59, 4.

10 M. E. Eugenio, R. Mart́ın-Sampedro, J. I. Santos, B. Wicklein, J. A. Mart́ın and
D. Ibarra, Int. J. Biol. Macromol., 2021, 181, 99–111.

11 A. Alzagameem, S. E. Klein, M. Bergs, X. T. Do, I. Korte, S. Dohlen, C. Hüwe,
J. Kreyenschmidt, B. Kamm, M. Larkins and M. Schulze, Polymers, 2019, 11,
670.

12 G. Tedeschi, S. Guzman-Puyol, L. Ceseracciu, U. C. Paul, P. Picone, M. Di Carlo,
A. Athanassiou and J. A. Heredia-Guerrero, Biomacromolecules, 2020, 21, 910–
920.

13 S. Shankar, J.-W. Rhim and K. Won, Int. J. Biol. Macromol., 2018, 107, 1724–
1731.

14 E. Cavallo, X. He, F. Luzi, F. Dominici, P. Cerrutti, C. Bernal, M. L. Foresti,
L. Torre and D. Puglia, Molecules, 2020, 26, 126.

15 C. H. M. Camargos, G. Poggi, D. Chelazzi, P. Baglioni and C. A. Rezende, ACS
Appl. Nano Mater., 2022, 5, 13245–13259.

16 L. Guo, M. Li, Q. Xu, L. Jin and Y. Wang, Int. J. Biol. Macromol., 2023, 227, 365–
372.

17 M. Farooq, T. Zou, G. Riviere, M. H. Sipponen and M. Österberg,
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D. Lomonaco and W. L. E. Magalhães, J. Anal. Appl. Pyrolysis, 2021, 156, 105175.
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