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Abstract

This study investigated the effects of adding lignin nanoparticles (LNPs) to glycerol-
plasticized chitosan nanocomposite films (pCS-LNP). Specifically, different LNP sizes
(mean hydrodynamic diameters of about 70, 125 or 170 nm) and loadings (1, 3 or 5% of
CS) were studied. The two largest LNP types aggregated mostly in the upper side of the
cast films, while the smallest LNP type was found more uniformly throughout the film
cross-section. The results showed a trade-off between film properties. Both UV barrier,
visible light opacity and antioxidant properties increased with increasing LNP loading,
while smaller LNPs resulted in higher stiffness and tensile strength than larger types. The
radical scavenging activity of the films correlated with the migration of lignin-derived
substances out of the films.

Keywords: lignin nanoparticle; chitosan; nanoparticle size; nanocomposite; antioxidant;
UV barrier; functional food packaging

1. Introduction
Bio-based packaging materials, such as chitosan (CS), offer sustainable alternatives

to petroleum-based plastics due to their renewability and biodegradability. CS is a linear
polysaccharide of β-(1,4)-linked N-acetyl-D-glucosamine units derived from chitin [1]. It
has excellent properties as a packaging material, including antimicrobial activity, non-
toxicity, biocompatibility, biodegradability, film-forming properties, and decent mechanical
strength [2,3]. However, to overcome the brittleness of pure CS films, glycerol is typically
incorporated as a plasticizer to disrupt hydrogen bonding and increase chain mobility [4–8].
To further enhance functional properties, e.g., UV barrier function, antimicrobial activity,
antioxidant activity, moisture or oxygen barrier properties, thermal stability, or mechanical
strength, other additives/fillers can also be added. Various inorganic nanomaterials have
been used as fillers in chitosan film, e.g., silver [9], zinc oxide [10,11], titanium oxide [12],
carbon nanotubes [13], and nanoclay [14–17]. However, such additives are not entirely
biodegradable, and some are potentially toxic. Consequently, the use of biodegradable
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additives such as chitin nanowhiskers, cellulose nanocrystals, and lignin nanoparticles
(LNPs), has been investigated [2].

Recently, LNPs have shown potential as bio-based additives to enhance the antiox-
idant, antimicrobial, UV barrier, and mechanical and thermal properties of packaging
materials [18,19]. LNPs can be obtained through various chemical, physical, and biological
methods using different types of fractionated or purified lignin, a by-product of pulping
and biorefining processes [20,21]. These methods yield LNPs with varying shapes, sizes
and stability. In packaging applications, LNPs or modified LNPs have been tested as
nanofillers in several polymer matrices, e.g., polyvinyl alcohol (PVA) [21–23], (poly) lactic
acid (PLA) [24,25], (poly) butylene adipate-co-terephthalate (PBAT) [26], and CS [22,27–29].
It is well understood that nanoparticle size significantly affects composite performance.
Smaller particles offer a higher surface-area-to-volume ratio, enhancing interfacial bonding
with the polymer matrix and increasing mechanical strength. However, the extent of im-
provement in mechanical properties also depends on various factors, including the type
of matrix, nanoparticle size, dispersion quality, interface adhesion between particles and
the matrix, and particle loading [30–32]. While several studies have incorporated LNPs
into CS or CS-PVA films to improve UV barrier, antioxidant, and antibacterial properties,
the specific influence of LNP size distribution remains under-explored, as most research
utilizes fixed-size distributions [22,27–29].

Antioxidant activity is a key feature of functional packaging films, as it can help
preserve food quality and nutrients, extending shelf life and reducing food waste. Re-
search on antioxidant-containing functional packaging systems is steadily growing [33,34].
LNPs demonstrate strong antioxidant properties and have been evaluated as potential
antioxidants in various applications [20]. LNPs have a high amount of phenolic hydroxyl
groups, which enhance antioxidant activity via hydrogen atom transfer (HAT) and sin-
gle electron transfer (SET) mechanisms [35]. Although the exact mechanism within CS
films is not well understood, earlier research on lignin-incorporated biopolymers indicates
that antioxidant efficiency is largely governed by the migration of phenolic compounds
from the polymer matrix into the food contact surface [22,36]. This migration is typically
a diffusion-controlled process, regulated by matrix swelling and the interfacial affinity
between the filler and polymer chains. Additionally, Crouvisier-Urion et al. proposed
a surface activity mechanism, where radical scavenging mainly takes place at the film
interface rather than through deep migration [37]. However, the specific interplay between
LNP particle size, loading density, and their migration kinetics in CS films, as well as
whether such optimizations that affect the film’s structural integrity, still needs thorough
investigation. Specifically, it is important to identify which parameters influence LNP
antioxidant functionality and whether improved antioxidant properties might compromise
other film qualities.

In this study, we examined a fully bio-based film made from glycerol-plasticized CS
films enhanced by the addition of LNPs. We specifically explored how three different
sizes of LNPs, added at various loadings, influence the film’s properties. The mechanical,
physical, optical, and chemical properties of the films were characterized and compared to
antioxidant activity. The radical scavenging activity (RSA) of the films was measured using
both a spectrophotometric assay and electron spin resonance (ESR) spectroscopy to identify
key parameters for antioxidant release from CS films. Understanding how LNPs improve
CS film properties and provide antioxidant properties will help the continued efforts to
develop functional, bio-based food packaging materials.
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2. Materials and Methods
2.1. Material

High molecular weight CS (degree of deacetylation 76%, viscosity of 1218 cP) was
purchased from Sigma-Aldrich (St. Louis, MO, USA). Soda lignin Protobind 1000 (TaNovis
AG, Rüschlikon, Switzerland) was used as the starting material to prepare colloidal LNPs.
All chemicals, glacial acetic acid and acetone (Merck KGaA, Darmstadt, Germany), glycerol
(VWR International bvba, Leuven, Belgium), 2,2-diphenyl-1-picrylhydrazyl (DPPH) (95%)
(Thermo Fisher Scientific Inc., Waltham, MA, USA), and ethanol (96%) (VWR International
S.A.S, Briare, France), were purchased and used as received.

2.2. Preparation and Characterization of LNPs

LNPs were prepared from Protobind 1000 using three slightly different protocols to
produce particles with different sizes based on modifications of previous studies [38,39].
Soda lignin was solubilized in an acetone–water mixture 3:1 (v/v) after stirring at room
temperature (3 h at 22 ◦C) to create 0.5–1% (w/v) suspensions. The suspensions were
vacuum-filtered using a glass microfiber filter GF/D (Whatman International Ltd., Maid-
stone, UK) and rapidly poured into deionized water under vigorous stirring, giving a
three or five times mass-based dilution depending on the masses of the solvents used.
The solvent was removed using a rotary evaporator at 40 ◦C, Rotavapor R-300 (BÜCHI
Labortechnik GmbH, Essen, Germany) to obtain a concentration of at least 0.2% dry matter.
The different methods for the preparation of the LNPs were as follow: LNP1 was created
in 0.5% (w/v) suspension and diluted five times (w/w), LNP2 was created in 1% (w/v)
suspension and diluted five times (w/w), LNP3 was created in 1% (w/v) suspension and
diluted three times.

The hydrodynamic diameter, polydispersity index (PDI), and zeta potential of the
LNPs were measured using a Zetasizer Nano ZS (Malvern Panalytical Ltd., Malvern, UK)
in five technical replicates. The morphology of the LNPs was examined by negative-
contrast transmission electron microscopy (TEM) as follows. A drop (2 µL) of LNP solution
was placed on a carbon film-coated, 400-mesh grid and incubated for 30 s. Liquid was
wicked away from the grid using a wetted wedge of filter paper, then negative staining
was performed by covering the grid with a drop of aqueous 2.5% uranyl acetate (filtered
through a 0.02 µm syringe filter) for 2 min. After wicking away excess stains, the grids were
air-dried and placed in a Philips/FEI CM 100 transmission electron microscope (Philips,
Eindhoven, Netherlands) operated at 80 kV. Images were collected at a magnification of
25,000× and 92,000×. The experiment was repeated for three grids per LNP size, and
at least 10 images were obtained from each grid. Empty grids were used as control for
the technique. To determine a representative particle size distribution, a total of at least
200 particles were measured for each film. The measurements were performed within
entire images, excluding particles touching the image border. The resulting data were used
to estimate the mean particle size and standard deviation.

2.3. Preparation of Films

Three different types of films were prepared: glycerol-plasticized chitosan films en-
hanced by addition of LNPs (pCS-LNP films), glycerol-plasticized chitosan film without
addition of LNPs (pCS film), and pure chitosan film (CS film); the latter two served as
controls. All films were prepared by the solvent casting method. CS solution was prepared
by adding 1.5% (w/w) of CS to 1.5% (v/v) acetic acid under magnetic stirring at 70 ◦C for 4 h.
Then, the solution was continuously stirred at room temperature overnight. The obtained
viscous CS solution was centrifuged at 3500× g for 10 min to remove any undissolved
CS particles. Then, the proper amount of CS solution was mixed with the prepared LNP
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suspension at different loadings (0, 1, 3, and 5% (w/w) based on CS mass) to obtain the film
at a total of 1% (w/w) of CS+LNP mass. 25% (w/w) glycerol with respect to CS+LNP mass
was added into the solution as a plasticizer, and the mixture was then stirred at 600 rpm for
30 min. The film-casting solution was allowed to stand for 1 h to remove air bubbles. Then,
95 g of the solution was poured into an acrylic mold (150 × 150 mm) and dried at room
temperature for four days. Subsequently, the films were peeled from the acrylic mold and
stored in a desiccator at room temperature for at least 48 h before testing. The thickness of
the films produced was approximately 50 µm (Table S1).

The pCS-LNP films are labeled based on the following format: pCS-LNP type-LNP
loading. For example, the film prepared by adding 1% (w/w) of LNP1 is named pCS-LNP1-
1. The CS and pCS films were prepared similarly but without glycerol and LNPs for CS,
and without LNPs for pCS. Table 1 gives an overview of film names used throughout
the article.

Table 1. Overview of film names used throughout the article.

Film Name LNP Type (Size) LNP Concentration (%w/w)

CS Chitosan,
no LNPs added 0

pCS Glycerol-plasticized chitosan,
no LNPs added 0

pCS-LNP1-1
LNP1: 0.5% (w/v) suspension,

diluted five times (w/w)

1
pCS-LNP1-3 3
pCS-LNP1-5 5

pCS-LNP2-1
LNP2: 1% (w/v) suspension,

diluted five times (w/w)

1
pCS-LNP2-3 3
pCS-LNP2-5 5

pCS-LNP3-1
LNP3: 1% (w/v) suspension,

diluted three times

1
pCS-LNP3-3 3
pCS-LNP3-5 5

2.4. Characterization of pCS-LNP Films
2.4.1. Determination of Moisture Content, Water Solubility, and Swelling Degree

The films were cut into 20 × 20 mm pieces. The initial air-dried weight was denoted
as W. The films were then dried at 105 ◦C in an oven until constant weight was reached
(denoted as W0). Moisture content was determined using the following equation:

Moisture content (%) = [(W − W0)/W] × 100. (1)

For water solubility, the dried films were immersed in 20 mL deionized water in a
glass beaker and then shaken in a shaker incubator at 150 rpm at 25 ◦C for 24 h. Then,
the films were dried at 105 ◦C until constant weight was reached (denoted as Wt). The
solubility percentage was calculated using the following equation:

Water solubility (%) = [(W0 − Wt)/W0] × 100. (2)

To determine the degree of swelling, the dried films were immersed in deionized
water for 24 h at 25 ◦C. The films were then taken from the water, and the surface water was
removed using filter paper before weighing (Ws). The degree of swelling was calculated
using the following equation:

Swelling degree (%) = [(Ws − W0)/W0] × 100. (3)
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All measurements were performed in triplicate for each sample.

2.4.2. Determination of Film Thickness

Film thickness was determined using a digimatic micrometer gauge, MDC-1” SFB
(Mitutoyo Corporation, Kawasaki, Japan) with a reported accuracy of 0.001 mm. Reported
values are averages of thicknesses from at least 10 random locations per sample.

2.4.3. Mechanical Properties

Tensile strength, Young’s modulus of elasticity, and percent elongation at break for
each film were determined with a universal testing machine, Autograph AGS-X (Shimadzu
Corporation, Kyoto, Japan), equipped with a 100 N load cell. The films were cut into
rectangular strips measuring 15 × 100 mm and conditioned in a desiccator at about 0% RH
at 23 ◦C for at least 24 h before testing. The initial gauge length was 50 mm. The crosshead
speed was set to 10 mm/min. Each type of film was tested with at least five replicates, and
the average value was reported.

2.4.4. Opacity and Optical Properties

Film opacity and optical properties were measured using a UV spectrophotometer
(Ocean Optics, Dunedin, FL, USA). The films were cut into 10 × 40 mm rectangular
pieces and placed inside the test cell of the spectrophotometer. A blank cell was used as
a reference. The film opacity was determined as reported previously [40]. This implies
that the absorbance of the films was measured at 600 nm, and the opacity was calculated
using the following equation: Opacity = A600/d, where A600 is the absorbance of the film
at 600 nm, and d is the film thickness in mm. The full range (200–800 nm) opacity curves
obtained are included in the Supplementary Materials (Figure S1). Three different sections
were scanned from each film.

2.4.5. Antioxidant Activity
DPPH Free Radical Scavenging Assay

Based on previous work [37], the radical scavenging activity (RSA) of the films was
measured using the reaction with the free stable radical 2,2-diphenyl-1-picrylhydrazyl
(DPPH), with modifications to make it suitable for microplate measurement. DPPH absorbs
strongly at 517 nm, giving rise to a deep purple color. When DPPH is converted to a
reduced form (DPPH-H) by accepting either a hydrogen atom or an electron from an
antioxidant species (in this case a phenolic compound), the initial purple color is lost [40].
The reaction kinetics of pCS and all pCS-LNP films were followed by the reduction in
absorbance of the DPPH at 517 nm for 5 h in a dark room. Briefly, the film (40 mg) was
put into a 2 mL tube and immersed in 0.1 mM DPPH ethanol solution (2 mL). The tube
was shaken in the thermomixer at 25 ◦C at 500 rpm. By submerging the whole film in an
ethanol solution containing DPPH radical (instead of using alcohol extracts of the films as
in the conventional DPPH assay [41]), it imitates the antioxidant mechanism of a film in
direct contact with a food product. This test was possible because chitosan is insoluble in
ethanol [37], and consequently, the film structure was intact for the 5 h duration of the test.

For measurement, 200 µL of the reaction solution was taken out at 0.5, 1, 2, 3, 4, and 5 h
reaction time, and the absorbance at 517 nm was determined using a microplate reader
SpectraMax® i3 (Molecular Devices LLC, San Jose, CA, USA). All measurements were
performed in triplicate. For each time point, the radical scavenging activity based on DPPH
was calculated using the following equation:

RSA (%) = [(ADPPH − Asample)/ADPPH] × 100, (4)
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where Asample is the absorbance measured from the DPPH solution containing the film
sample, and ADPPH is the absorbance of the initial DPPH solution.

Quantification of Lignin-Derived Substances Migrating from Films into Ethanol

The pCS (LNP-free control) and pCS-LNP films with 5% (w/w) LNP loading were
chosen for this study. The film (40 mg) was put into a 2 mL tube and immersed in 2 mL
of ethanol solution. The tube was shaken in the thermomixer at 25 ◦C at 500 rpm. For
measurement of migrating lignin-derived substances, 200 µL of the reaction solution was
taken out at 0.5, 1, 2, 3, 4, and 5 h reaction time and the absorbance at 285 nm was determined
using a microplate reader SpectraMax® i3 (Molecular Devices LLC, San Jose, CA, USA).
The increase in migrating lignin-derived substances was expressed as Abst−Abs0, where
Abs0 is the absorbance of the initial ethanol solution and Abst is the absorbance of the
reaction solution at the time when the sample was taken. As chitosan is not soluble in
ethanol [39] and the lignin was dissolved in acetone prior to LNP synthesis, the substances
that migrated from the film during incubation in ethanol solution are likely lignin-derived
phenolics, which was hence assumed in this study. The fact that no signal was seen for the
control film strengthens this interpretation.

ESR Spectroscopy

ESR measurements of selected films were performed on a MiniScope MS-5000 ESR
spectrometer (Freiberg Instruments GmbH, Freiberg, Germany). The films were cut into
rectangular 3 × 40 mm strips, and the thickness and weight of each film sample were
measured. The film sample was put in a 5 mm OD quartz tube for ESR measurement of
the initial radical in the film with the following settings: magnetic field 332–342 mT, sweep
time 60 s, modulation amplitude 0.5 mT, microwave power 10 mW, and room temperature
with minimum lighting.

The free radical concentrations both in the original films and in the DPPH ethanol
solution before and after reaction with the film were measured using ESR spectroscopy
(Figure S2). For this part of the study, only the pCS-LNP films with the highest LNP content
of 5% (w/w) and the DPPH time point at 30 min were selected. The films were transferred
to a 2 mL tube, and 0.1 mM DPPH solution in ethanol was added in the ratio of 5 mg film
to 250 µL DPPH solution. The reaction solution was subsequently diluted three times by
adding ethanol. The reaction tube was then shaken in a thermomixer at 25 ◦C at 500 rpm
for 30 min. The film was then removed, washed with ethanol, and allowed to dry. The
solution was transferred to a 50 µL quartz capillary micropipette (BLAUBRAND intraMark,
Brand GmbH, Wertheim, Germany), and the film was put in a quartz ESR tube (outer
diameter: 5 mm). The dried film and the solution were measured with ESR using the
aforementioned settings.

Radicals in the films and the solution were quantified by double integration of the
first-derivative ESR signal. A weak pitch sample (Bruker, Billerica, MA, USA) containing a
known number of unpaired spins (1.08 × 1013 spins/cm) was used as a reference for the
films. The initial DPPH solution served as reference. The radical scavenging activity of the
films was determined by the following equation:

RSA (%) = [(H0 − Hx)/H0] × 100, (5)

where H0 and Hx were the peak heights of the middle peak of the DPPH spectrum of the
initial DPPH solution, and reaction solution, respectively.

https://doi.org/10.3390/suschem7010015

https://doi.org/10.3390/suschem7010015


Sustain. Chem. 2026, 7, 15 7 of 18

2.4.6. Scanning Electron Microscopy (SEM)

To study surface morphology of the films, pieces of the prepared film, approximately
5 × 5 mm, were mounted onto metal stubs with double-sided tape, sputter-coated with
gold in an EM ACE200 automated sputter coater (Leica, Wetzlar, Germany), and viewed
with scanning electron microscopy (SEM) in a Quanta 200/FEI (Philips, Amsterdam, The
Netherlands) at 10 kV, using 5000×, 30,000×, and 100,000× magnifications. The SEM
images were taken from the film surface in contact with air during drying (the air side).
The experiment was repeated in three randomly selected regions of the film.

2.4.7. Confocal Laser Scanning Microscopy (CLSM)

Pieces of the films, approximately 4 × 4 mm, were placed on diagnostic slides with
the cast face upwards and covered with a coverslip (dry preparation). The films were
imaged in a Leica (Leica Microsystems CMS GmbH, Mannheim-Oststadt, Germany) SP5x
upright CLSM in xyz-mode using these settings: line average 2, zoom 6, objective 20xw,
image dimensions 1024 pixels for width and height. Lignin autofluorescence was excited
with an argon 514 nm laser at 25% power and emission was collected in 536–644 nm. The
films were captured in their dry state to prevent swelling, which could lead to variations
in thickness. It is also important to highlight that the laser did not result in the formation
of craters or any other damage to the films. All z-stacks were approximately 60 µm in
thickness and included approximately 70 sectioning steps, starting and ending the series
a few µm above and below the film. At least five series were prepared for each sample.
Confocal orthogonal views of the films were depicted using a SpectrumLog look-up table
which highlights the LNPs. The image-series were imported into Fiji ImageJ freeware,
version v 1.5 4r, (https://imagej.net/software/fiji/, URL accessed on 12 November 2025)
as AVI files, and displayed in 3D in volume mode using the 3D viewer plug-in.

2.5. Statistical Analysis

The data were evaluated by analysis of variance (ANOVA) with post hoc analysis
based on Duncan’s test using IBM SPSS Statistics for Windows, version 28.0 (IBM Corp.,
Armonk, NY, USA). All tests were repeated at least three times. The results were expressed
as mean ± standard deviation and considered statistically significant if p < 0.05.

3. Results
3.1. LNP Characterization

Sizes of the LNPs are shown in Table 2. The sizes of LNPs measured by both DLS
and TEM showed a consistent trend: LNP1 < LNP2 < LNP3, i.e., they were not in conflict
with each other. It is important to note that the particle sizes measured by TEM reflect
the dehydrated form of the LNPs. These measurements are consistently smaller than
the hydrodynamic diameters usually determined through dynamic light scattering (DLS),
since TEM does not account for the solvent layer and surface hydration effects. The
relatively high standard deviation observed in samples for TEM measurement indicates
broad size distributions for all three LNP size classes in the dry state, assumingly due to
agglomeration. Also, according to the TEM images (Figure 1a), the LNPs did not have a
perfectly spherical shape, which further adds to the high within-type variation between
the measured diameters. The zeta potential of the LNP dispersions (Table 2) indicated
sufficient electrostatic repulsion to ensure colloidal stability of the LNPs in water [41]. To
summarize, size and shape characterization results confirmed the successful production of
LNPs with three different sizes, albeit with some overlap between size distributions, and
with apparent agglomeration within the dry films.
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Table 2. LNP sizes and dispersion.

LNP Type Diameter (nm), TEM Hydrodynamic
Diameter (nm) Zeta Potential (mV) PDI

LNP1 56.54 ± 19.54 72 ± 1.15 −39.3 ± 1.81 0.224 ± 0.033
LNP2 78.05 ± 37.03 123 ± 0.65 −45.4 ± 0.65 0.11 ± 0.012
LNP3 136.06 ± 68.44 167 ± 1.21 −43.6 ± 1.33 0.078 ± 0.016

Values are expressed as mean ± standard deviation. PDI: polydispersity index measured by dynamic light
scattering (DLS).

Figure 1. Microscopy of LNP and films. (a) negative contrast TEM images of LNPs. (b) SEM images
of the air face of pure pCS and pCS-LNP films at 5% (w/w) LNP loading.

3.2. Physical and Mechanical Properties of Films
3.2.1. Characterization of LNP Distribution in Films

Glycerol-plasticized chitosan films containing LNPs were made by the solvent casting
method. All nine types of pCS-LNP films had similar thicknesses, around 50 µm (Table S1).
The pCS film without LNP had a smooth surface, whereas the addition of LNPs increased
the surface roughness (Figure 1b). This surface roughness is visible on the upper surface,
which was in contact with air, as opposed to the lower surface, which was in contact with
the casting support as previously shown [37]. Films with the larger LNPs exhibited a
higher tendency for particle aggregation at the same loading, resulting in increased surface
roughness (Figure 1b), consistent with previous studies [27,28]. This can be attributed to the
better dispersion of smaller particles in the pCS matrix during the solvent casting process,
resulting in a uniform distribution of the smaller LNPs and a smoother film surface.

The rough air face and the smooth cast face can also be seen in CLSM (Figure 2). By
employing a volume view of xyz image stacks following lignin autofluorescence excitation
with a 514 nm argon laser, the distribution of lignin particles was visualized using a color
scale. For all three films, a distinct granular layer with a high-intensity signal was observed
along the air-facing surface of the film. This layer appeared denser in pCS-LNP1-5 than in
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the others. Also interesting was the finding that the fluorescent signal in pCS-LNP1-5 was
almost uniform and homogenous throughout the film matrix, whereas in pCS-LNP2-5, a
multilayered structure was revealed in the upper half of the film, with stronger signal in the
air side of the film. A layered structure was also observed for pCS-LNP3-5, but only close
to the surface. Due to the inability to resolve individual LNP-sized particles in CLSM, the
overall signal and visible structures likely arise from the aggregation of LNPs, as discussed
by the authors of [40]. Aggregation was not limited to the surface but could be found
throughout the films (Figure 2). Table 3 provides the ratio between the autofluorescent
lignin signal close to the middle of the film relative to the maximum signal close to the
air face. The mean values are based on three locations per film, and the lower ratio for
pCS-LNP1-5 confirms the more uniform nature of the signal from this film, indicating a
more uniform distribution of the smaller LNPs across the film.

 
Figure 2. Confocal laser scanning microscopy images showing the distribution of lignin nanoparticles
in pCS-LNP films with 5% (w/w) LNP loading. Top: orthogonal sections (optical xyz-stacks viewed
from the side). Bottom: 3D representations of the image stacks. The color scale: red indicates a
high-intensity signal of LNP.

Table 3. Quantification of CLSM signal. Signal from the center of the film relative to the maximum
signal close to the air face.

Film Signal Ratio

pCS-LNP1-5 0.18 ± 0.012
pCS-LNP2-5 0.34 ± 0.029
pCS-LNP3-5 0.41 ± 0.028

Values are expressed as mean ± standard deviation.

3.2.2. Moisture Relations

As expected, the pCS film had a relatively high moisture content (20.4%) in comparison
to the pure CS film (3.6%) (Table 4) because glycerol is hydrophilic [7]. The addition of
LNPs did not alter the moisture content of pCS-LNP films compared to pCS film. The
water solubility of the pCS film (with 25% (w/w) glycerol) was 15.9% after soaking the film
in water at 25 ◦C for 24 h. Although the result seems high, it is only half of the previous
reports for pCS with 30% (w/w) glycerol, which was 27.4% [42]. The addition of LNPs did
not affect the water solubility of the films significantly (Table 3).

The degree of water swelling was significantly reduced by adding LNPs to the films:
the swelling of the pCS film was 30–70% higher than for the pCS-LNP films (Table 3). We
suspect the lower swelling of pCS-LNP films compared to pCS film was caused by the
hydrophobic nature of LNPs and by LNP–chitosan interaction. This interaction, likely
between carboxyl and hydroxyl groups in the lignin phenolic backbone and the amine
groups in the chitosan chain, could decrease the affinity of chitosan film to water [6,42,43]. A
similar observation was made in other studies incorporating natural phenolic antioxidants
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into biopolymers [42,43] and LNPs into pCS [28]. The reduction in water swelling of pCS-
LNP has, in a previous study, been connected to a decrease in water vapor permeability
and an increase in the contact angle with water [28], hence supporting the suggested
mechanisms. However, in the present study, no trend is apparent among the LNPs with
different sizes at various loadings (Table 4). Thus, further investigation is still needed to
fully understand how LNP size and loading affect CS film moisture relations.

Table 4. Physical properties of pCS, pCS-LNP1, pCS-LNP2, and pCS-LNP3 films.

Sample Moisture Content (%) Water Solubility (%) Swelling Degree (%)

pCS 20.4 ± 1.84 b,c 15.9 ± 1.46 d 179.8 ± 0.12 a

pCS-LNP1-1 20.3 ± 1.12 b,c 17.1 ± 0.54 b,c,d 109.7 ± 1.55 f

pCS-LNP1-3 22.2 ± 1.87 a 16.2 ± 0.60 d 128.6 ± 5.32 c,d

pCS-LNP1-5 21.9 ± 1.37 a,b 16.6 ± 0.63 c,d 144.1 ± 3.23 b

pCS-LNP2-1 18.4 ± 0.87 d,e 18.1 ± 0.69 a,b,c,d 147.1 ± 8.60 b

pCS-LNP2-3 17.2 ± 1.22 e 19.2 ± 0.34 a,b 132.9 ± 7.58 c

pCS-LNP2-5 19.4 ± 1.06 c,d 18.8 ± 2.69 a,b,c 126.6 ± 2.83 c,d

pCS-LNP3-1 18.1 ± 1.50 d,e 19.5 ± 1.12 a 120.7 ± 6.55 d,e

pCS-LNP3-3 17.5 ± 1.01 e 16.3 ± 0.80 d 123.5 ± 2.56 c,d

pCS-LNP3-5 20.0 ± 1.31 c 17.5 ± 1.42 a,b,c,d 111.1 ± 9.36 e,f

Values are expressed as mean ± standard deviation. Different letters in the same column indicate significant
differences (p < 0.05).

3.2.3. Mechanical Characterization

The mechanical properties, including Young’s modulus, tensile strength, and elon-
gation at break, are shown in Figure 3a–c. Typical stress–strain curves acquired from the
tensile tests are exhibited in Figure 3d. Young’s modulus, tensile strength, and elonga-
tion at break of the pCS film were 2350 ± 172 MPa, 100.5 ± 5.8 MPa, and 41.8 ± 6.6%,
respectively. Elongation at break was relatively high, as expected from the literature [4].
When LNPs were incorporated into the pCS matrix at a loading of 1%, the stiffness of
the film increased, although further effects were not seen for higher additions. Addition
of the smallest particles (LNP1) resulted in a higher stiffness (Young’s modulus) of the
resulting films than for LNP2 and LNP3. However, LNP addition did not increase the
tensile strength, and it was even reduced when adding bigger particles, i.e., LNP2 and
LNP3. We speculate that the higher Young’s modulus and tensile strength of the pCS
film with LNP1 can be attributed to the uniform distribution of the smaller LNP particles,
providing good interfacial contact between CS matrix and nanoparticles. The bigger LNP
particles agglomerated more, which is known to induce adverse effects on the mechanical
performances of polymer nanocomposites [30].

Figure 3c shows that LNP addition significantly decreased the elongation at break of
the films. We speculate that this might be due to chemical interaction between chitosan
and the phenolic groups of LNPs, which could reduce the free volume in the polymeric
network, reducing the chain mobility and flexibility of pCS-LNP films [4]. None of the
films exhibited a significant difference in elongation at break as a function of LNP size at
the same LNP loading. These results are similar to a previous finding that adding LNPs
significantly decreased the elongation at break while increasing the tensile strength [28].
The difference in tensile strength effect compared to [28] can be due to many factors,
including the physicochemical properties of the chitosan (such as its Mw), the LNP particle
size and concentration, and the type of plasticizer. In previous research [28], they utilized
low-molecular-weight chitosan, smaller LNP particles (65 nm), and a eutectic solvent (DES)
as a plasticizer, all of which differ from the current study. In the previous study, the control
chitosan film had a tensile strength below 10 MPa, whereas in ours, it already reached
100 MPa (about ten times higher) even without LNPs. In contrast, adding LNPs in our
current research did not significantly affect the tensile strength of chitosan films, only
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producing a modest increase with the smallest (LNP1) particles. Although the addition of
LNPs made the pCS film more brittle in the current study, the elongation at break is still
higher than for non-plasticized CS film and comparable to other biopolymer films, which
are typically more brittle than synthetic polymer films [44].

Figure 3. Mechanical properties of films. (a) Young’s modulus, (b) tensile strength, (c) elongation at
break, and (d) stress–strain curves of pCS, pCS-LNP1, pCS-LNP2, and pCS-LNP3 films at different
LNP loading. Different letters above the error bars indicate significant differences (p < 0.05).

3.3. Opacity and UV Barrier Properties of Films

The ideal packaging film for light-sensitive products should have low opacity in the
visible range, while at the same time blocking out UV radiation. Adding LNPs into pCS
films significantly increased film opacity (Figure 4a). The pCS film (without LNPs) showed
the lowest opacity (1.27 ± 0.09), similar to pCS-LNP1-1, while the opacity increased with
increasing LNP loading for all LNP sizes. However, as shown in Figure 4a, even the most
opaque films (containing 5% LNPs) still exhibited transparency. At the same LNP loading,
the film with the smallest LNPs, pCS-LNP1, had significantly lower opacity than the films
with larger particles, i.e., pCS-LNP2 and pCS-LNP3. This can presumably be attributed to
the more uniform distribution of smaller LNP1 than LNP2 and LNP3 in the pCS film.

Since LNPs have shown excellent UV barrier property in many studies [24], a potential
application for pCS-LNP films is as biodegradable UV-blocking films. The effect of LNP
size and loading on the UV-blocking properties was investigated by measuring the UV-vis
transmittance in the wavelength range of 200–800 nm, as shown in Figure 3b. The pCS
film without LNP showed high transmittance across the entire UV region. At 1% (w/w)
LNP, all pCS-LNP films showed good blocking performance in the UV region (200–400 nm),
especially in the UV-C range (200–280 nm) where the transmittance was reduced to below
2%. Increasing the LNP loading improved the UV barrier performance without affecting
the visible light transparency. This agrees with other studies involving nanocomposite
films containing LNPs [21,23,27,28]. Our results show that by increasing LNP loading to
3% (w/w), all the UV-C (200–280 nm tested range), UV-B (280–320 nm), and some UV-A
(320–350 nm) radiations were blocked (Figure 4b). When LNP loading increased to 5%
(w/w), UV light transmittance was reduced to below 1%. This is comparable to the results
of previous studies [22,27,28]. At the same LNP loading, all pCS-LNP films exhibited
similar characteristics of the UV transmission spectrum, hence the LNP size had no effect
on the UV barrier performance (Figure 4b). From Figure 4a, it is seen that the transmission
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in the visible part of the spectrum is also affected (especially at low wavelengths), seen as
an increased brown color (Figure 4a, right panel).

Figure 4. Optical properties of films. (a) Opacity (left) and physical appearance (right). (b) UV-vis
spectra (left) and transmittance value at 320 nm (compared with data from [22]) (right) of pCS,
pCS-LNP1, pCS-LNP2, and pCS-LNP3 films at different LNP loading. Different letters above the
error bars indicate significant differences (p < 0.05).

3.4. Antioxidant Activity of the Films
3.4.1. Radical Scavenging Activity Assessed by the DPPH Assay

The ability of the LNP-containing films to scavenge radicals was clearly observed
by the decolorization of DPPH ethanol solutions in contact with the films (Figure 5). The
pCS film (without LNP) exhibited a small radical scavenging activity (RSA), which can
be ascribed to the chitosan [45]. All pCS-LNP films showed significantly higher radical
scavenging activities than the pCS film at all time points, and RSA increased with LNP
loading, as reported in other studies [21–23]. After 30 min reaction time, all pCS-LNP films
with 1% (w/w) LNPs provided similar low levels of RSA independent of LNP size, while
RSA was higher at the higher LNP loadings (3 and 5%), where RSA also varied with LNP
size. After 5 h, pCS-LNP2 films exhibited the highest RSA, followed by pCS-LNP3 and
pCS-LNP1. The reaction rate of pCS-LNP1 slowed down after 30 min, resulting in lower
final RSA than that of pCS-LNP2 and pCS-LNP3 (Figure 5a). In other words, although the
pCS-LNP1 film (with the smallest and most well distributed particles) was expected to show
the highest antioxidant activity of the pCS-LNP films due to a high surface area-to-volume
ratio of the LNPs [20], the results of this assay showed the opposite.
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Figure 5. Antioxidant activity of films. (a) Radical Scavenging Activity (RSA) evaluated over time by
the DPPH assay. (b) Corresponding color change in the DPPH ethanol solution over time during
incubation with pCS and pCS-LNP films. (c) Absorbance at 285 nm due to migrating lignin-derived
substances from the films when placed in ethanol pCS (LNP-free control) and (pCS-LNP films at 5%
(w/w) of LNP). The pCS film shows negligible absorbance.

3.4.2. Released Lignin-Derived Substances

The release of lignin-derived substances from the three 5% films into ethanol over a
5 h period is shown in Figure 5c. Absorbance at 285 nm, indicative of phenolics, increased
with time for all three films tested, with consistently higher absorbance for the largest
LNPs, and lowest for the smallest. This suggests a slower diffusion rate of migrating
lignin-derived substances from pCS-LNP1 than from pCS-LNP2 and pCS-LNP3. The
dominant antioxidant effect of the films over time is therefore likely due to release of
phenolic lignin-derived substances. The migration of these LNP fragments likely involve
the interaction between the solvent and the films [46]. The slow release of these antioxidants
from the pCS-LNP1 film was likely due to the uniform distribution of the small LNPs,
which entrapped them better in the film matrix as shown by CLSM (Figure 2), and as
indicated by the higher strength of this film than of those containing larger LNPs (Figure 3
and previous studies [27,28]). This mode of action also explains the result of the RSA assay
reported in Section 3.4.1. As performed in this study, this assay seems to mostly quantify
development over time in the RSA of released phenolics, and thus correlates with the rate
of release of the lignin-derived substances.
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3.4.3. Radical Scavenging Activity Assessed by ESR Spectroscopy

All pCS-LNP films gave a characteristic broad single-line ESR spectrum with no
hyperfine structure, while the pCS gave no ESR signal (Figure 6a). The ESR signals in
the pCS-LNP films likely arise from phenolic radicals of the LNPs that are long-lived
due to immobilization in the films. These radicals may have been inherent in the native
lignin, or generated during the lignin extraction process and the LNP synthesis [47]. The
pCS-LNP2-5 film had the highest radical content (10.3 × 1015 spins/g), followed by pCS-
LNP1-5 (8.3 × 1015 spins/g), and pCS-LNP3-5 (7.9 × 1015 spins/g) (Figure 6b). The RSA
values calculated based on the loss of DPPH radicals in the solution after 30 min contact
with the films correlate reasonably well with the original amount of radicals in the films
(Figure 6b). They also agree with the spectrophotometric RSA assay results after 30 min
where pCS-LNP2-5 gave the highest value while pCS-LNP1-5 and pCS-LNP3-5 were of
similar value at ca. 10–20% (Figure 5a).

Figure 6. Radicals in films. (a) ESR spectra of pCS and pCS-LNP films. (b) Content of radicals in films
and RSA of DPPH radicals in solutions measured after 30 min using ESR measurements. (c) Radical
loss from film and from DPPH ethanol solution after 30 min contact with the film, both measured
using ESR (c).

The stoichiometry of the changes in radical concentrations in the films and the sur-
rounding DPPH solutions after 30 min contact were examined by calculating the losses of
radicals (Figures 6c and S2). The amounts of radicals lost within the films after 30 min were
similar for all the tested LNP-containing films, while two to three times higher amounts of
DPPH had reacted in the surrounding solution outside the films (Figure 6c). The loss of the
LNP radicals may be due to interaction with DPPH; however, it could also be due to the
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increased mobility in the films in contact with the ethanol-water solvent as indicated by the
migration and release of LNP fragments into the surrounding solutions.

4. Discussion: Perspectives on Film Properties and Antioxidant Activity
An overview of the film properties assessed in this study is given in Table 5. Summa-

rizing the results, films with small LNPs had higher stiffness and tensile strength, good UV
barrier properties and decent opacity properties. Only films containing LNP showed antiox-
idative properties, and films with medium-sized LNPs had a higher amount of migrating
lignin-derived substances, higher initial content of radicals, and showed the highest antiox-
idant activity. The antioxidant effect is likely due to diffusion of lignin-derived phenolic
substances out of the LNP-containing films. Although increasing LNP load improved UV
barrier and antioxidant properties, it negatively affected opacity and mechanical properties,
indicating that trade-offs and compromises might be necessary when developing these
types of films for packaging applications.

Table 5. Effect of LNP size and loading on pCS-LNP films.

Property
Comparison to

pCS

Effect of LNP Loading Effect of LNP Size at a Given Loading

1%
(Low)

3%
(Medium)

5%
(High)

LNP1
(Small)

LNP2
(Medium)

LNP3
(Large)

Opacity + ++ +++ ++ +++ +++
UV barrier + ++ +++ +++ +++ ++

Young’s modulus + + + + 0 0
Tensile strength 0 − −− 0 − −−

Elongation at
break − −− −−− −−− −−− −−−

Antioxidant
activity + ++ +++ ++ +++ +

“+” or “−” indicates an increase or a decrease; “0” indicates an insignificant effect.

Regarding the radical scavenging assay, ethanol was used to dissolve DPPH. Devel-
opment of supplementary assays better suited for food types for which water is a more
relevant solvent would be advantageous. If films both release antioxidants into the liquid
and trap radicals at the film surface, observations will be a mixture of these two phenomena.
For future studies of functional food packaging, an assay design that can capture such
complex dynamics of antioxidant activity should be considered. Furthermore, the nature
and rate of the migrating lignin-derived substances from LNPs, as well as the types of
LNP-film biopolymer interactions, remain unknown and should be a subject of future
studies. Clarifying these relationships is important as they can affect the actual antioxidant
activity in specific applications and might potentially indirectly set the limits for other film
properties because of the need to compromise.

5. Conclusions
Adding lignin nanoparticles to glycerol-plasticized chitosan film imparted higher

UV-shielding properties to the resulting nanocomposite films but also made them stiffer,
more brittle, and negatively affected opacity. These effects correlated with LNP loading.
Smaller LNPs affected opacity less, and at the same time provided the best UV protection
among the sizes tested, as well as resulting in stiffer and stronger films; i.e., they had a
larger Young’s modulus and higher tensile strength. Larger LNPs resulted in more uneven
distribution of LNPs within the films and less smooth film surfaces.

The radical scavenging activity of the films correlated with the migration of phenolic
lignin-derived substances out of the film. This was found to depend upon the size and
distribution of the LNPs within the films, with films containing medium-sized LNPs
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releasing most phenolics and having the highest antioxidant activity, showcasing the
trade-off existing between the measured properties.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/suschem7010015/s1, Figure S1: Comparison of the opacity profiles
(A/d, d is film thickness (mm)) for pCS, pCS-LNP1, pCS-LNP2, and pCS-LNP3 films at different
LNP loading measured using UV-Vis spectrophotometry; Figure S2: Schematic of the experiment
using ESR spectroscopy to measure RSA (%) and lost radical activity in the film and DPPH solution
(spins), as well as a guide to where the corresponding results are shown in the main text; Table S1:
Film thickness.
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