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ABSTRACT: Poly(lactic acid) (PLA) represents one of the most
widely used biodegradable polymers for food packaging applications.
While this material provides many advantages, it is characterized by
limited antioxidant and UV-barrier properties. Blending PLA with
lignin is an attractive strategy to address these limitations. Lignin
possesses antioxidant properties and absorbs UV-light and is a
widely available low value byproduct of the paper and pulp industry.
This study has explored the use of lignin nanoparticles to augment
the properties of PLA-based films. A central challenge in the
preparation of PLA−lignin nanoparticle blend films is to avoid
nanoparticle aggregation, which could compromise optical proper-
ties as well as antioxidant activity, among others. To avoid nanoparticle aggregation in the PLA matrix, PLA-grafted lignin
nanoparticles were prepared via organocatalyzed lactide ring-opening polymerization. In contrast to lignin and unmodified lignin
nanoparticles, these PLA-grafted lignin nanoparticles could be uniformly dispersed in PLA for lignin contents up to 10 wt %. The
addition of as little as the equivalent of 1 wt % of lignin of these nanoparticles effectively blocked transmission of 280 nm UV-light.
At the same time, these blend films retained reasonable visible light transmittance. The optical properties of the PLA lignin blend
films also benefited from the well-dispersed nature of the PLA-grafted nanoparticles, as evidenced by significantly higher visible light
transmittance of blends of PLA and PLA-grafted nanoparticles, as compared to blends prepared from PLA with lignin or unmodified
lignin nanoparticles. Finally, blending PLA with PLA-grafted lignin nanoparticles greatly augments the antioxidant activity of these
films.
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■ INTRODUCTION

Currently, more than 300 million tons of plastic are globally
produced every year. Around 50% of these polymers are used
as packaging materials.1,2 The vast majority of these polymers
are generated from petroleum-based resources, for example,
polyethylene (PE), poly(ethylene terephthalate) (PET),
polypropylene (PP), polystyrene (PS), and poly(vinyl
chloride) (PVC).3 Polymers based on renewable resources
represent only 1% of this amount.4 However, together with the
growing demand for greener and more sustainable materials,
the biopolymers market is in continuous expansion.4 Polymers
such as poly(lactic acid) (PLA) are excellent alternatives to
conventional petroleum-based plastics, as they are derived
from biorenewable sources and can be enzymatically or
hydrolytically degraded.5 PLA is one of the most widely used
degradable polymers for packaging applications.6 It is accepted
as GRAS (Generally Recognized as Safe) by the Food and
Drug Administration (FDA) and is particularly suitable for use
in food and beverage packaging applications.7

Packaging materials serve to protect food from the effects of
exposure to oxygen, water vapor, ultraviolet light, and chemical

as well as microbiological contamination, which can reduce
food shelf life. Oxidation of food can lead to organoleptic
changes, such as off-odors, off-flavours, texture, and color
changes, as well as to the formation of toxic compounds such
as aldehydes, and the loss of nutritional value.8 To prevent
food oxidation, antioxidants such as butylated hydroxyanisole
and butylated hydroxytoluene, which act as oxygen radical
scavenger, can be incorporated in the packaging material.9 A
drawback of these antioxidants, however, is that they may lead
to the generation of carcinogenic compounds, resulting in
other adverse side effects on human health, such as allergies
caused by benzoic acid, nitrates, and sulfites.10,11 To overcome
these challenges, there is a growing interest in exploring natural
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antioxidants from plant leaves, spices, and herbs, which are
presumably safer for human consumption. One interesting
sustainable and low-cost alternative to non-renewable toxic
antioxidants is lignin.12−14 Every year, 70 million tons of lignin
are isolated as byproducts of the paper and pulp industry, and
most of it is burned as a low-value fuel.15,16 In addition to
being biocompatible17−19 and providing antioxidant activity,
lignin also absorbs UV-light and thus allows to impart UV-
barrier properties on food packaging materials.19−22

While PLA offers many advantages, it suffers from limited
antioxidant and UV-barrier properties. Blending PLA with
lignin would provide a possibility to improve the antiox-
idant14,23,24 and UV-barrier properties of the polymer.25−27

PLA lignin blends, however, phase separate.25,28−31 In addition
to blending lignin, another approach to enhance the properties
of PLA involves the incorporation of lignin nanoparticles.
PLA−lignin nanoparticle blend films are attractive due to the
small size and high surface-area-to-volume-ratio of the
nanoparticles, which is interesting with respect to optical and
antioxidant properties.32−37 Lignin nanoparticles incorporated
in PLA, however, also aggregate, which reduces the potential
beneficial effects of their high surface-area-to-volume ratio on
enhancing the properties of PLA and which may also impact
the diffusion barrier properties of the composite.
To enhance the dispersion of lignin nanoparticles in PLA,

this study explores the use of PLA-grafted lignin nanoparticles.
This report outlines the synthesis of PLA-modified lignin
nanoparticles and compares the morphology of blends of PLA
and PLA-grafted lignin nanoparticles with those of blends
prepared by mixing PLA and unmodified lignin nanoparticles
or lignin as well as pure PLA films. Subsequently, the
mechanical, oxygen, and water vapor barrier properties, as
well as the optical properties and antioxidant activities of
blends of PLA and PLA-grafted nanoparticles, are compared
with those of blends prepared from PLA with lignin or
unmodified lignin nanoparticles.

■ EXPERIMENTAL SECTION
Materials. All chemicals were used as received unless described

otherwise. Soda lignin (Protobind 1000) was purchased from Tanovis
AG, Switzerland. Food packaging grade poly(lactic acid) (Ingeo
biopolymer 4060D) was purchased from NatureWorks LLC, USA.
This PLA has a weight-average molecular weight (Mw) of 190000 g/
mol and contains 12 mol % D-lactide, as provided by the supplier. All
other reagents were purchased from Sigma-Aldrich. Dichloromethane
(DCM) and chloroform (CHCl3) were purified and dried by using a
solvent-purification system (PureSolv). Deionized water was obtained
from a Millipore Direct-Q 5 ultrapure water system.
Methods. Nuclear Magnetic Resonance (NMR) Spectroscopy.

NMR spectra were recorded on a Bruker AVANCE III 400 MHz
spectrometer. For 1H NMR and diffusion-ordered spectroscopy
(DOSY)-NMR, samples were dissolved in deuterated dimethylforma-
mide (DMF) at a concentration of 10 mg/mL. Chemical shifts are
reported relative to the residual solvent signal. For 31P NMR, lignin
hydroxyl groups were reacted with 2-chloro-4,4,5,5-tetramethyl-1,3,2-
dioxaphospholane (TMDP) as a phosphorylation agent. Around 20
mg of sample was precisely weighted and stirred overnight at room
temperature in 400 μL of a 0.8:0.8:1 v/v mixture of deuterated
CH3Cl, deuterated DMF, and anhydrous pyridine, containing 4 mg of
chromium(III) acetylacetonate as a relaxation agent and 0.082 mmol
of cyclohexanol as an internal standard. Then, 100 μL of TMDP was
added, and the mixture was stirred for 8 h at room temperature.
Because TMDP is moisture-sensitive, the reaction was performed
under an argon atmosphere to avoid exposure to air and water. The

solution was finally transferred into an NMR tube, sealed with a
septum, and previously purged with argon.

Atomic Force Microscopy (AFM). Samples for AFM were prepared
on silicon wafers (10 mm × 8 mm size) cleaned via sonication in
methanol, deionized water, and acetone for 10 min each. The
substrates were then placed in a Femto Oxygen Plasma system (200
W, Diener Electronic) under 5 mL/min oxygen flow for 15 min. AFM
images were recorded using an Asylum Research Cypher VRS
instrument (Oxford Instruments, United Kingdom). Measurements
were done in tapping mode using a trihedral aluminum-coated silicon
cantilever (HQ:NSC14/Al BS, MikroMasch, Hungary) with a spring
constant of 5 N/m and a resonance frequency of ∼160 kHz. To
determine nanoparticle sizes and size distributions, 4 μL of a
nanoparticle dispersion in CHCl3 (concentration 0.1 mg/mL) was
deposited on a silicon wafer. The wafers were dried overnight at room
temperature and then imaged. Images were processed with the
Gwyddion software. The reported particle sizes are the average of 50
nanoparticle heights. To study the morphology of polymer blend
films, 10 μL of polymer solution in CHCl3 (polymer concentration 10
wt %) was spin-coated on the surface of a silicon wafer by a Convac
ST 146 spin-coater (2000 rpm, 100 s) and then dried overnight at
room temperature.

Scanning Electron Microscopy (SEM). SEM imaging was
performed on a ZEISS Gemini SEM 3000 scanning electron
microscope. Before image acquisition, the films were first embedded
in resin (Epoxy Embedding Medium EPON 812, Sigma-Aldrich) and
then cured overnight in an oven at 60 °C. After that, 1 μm thick
specimens were cut by using ultramicrotomy and were coated with a
10 nm thick layer of carbon to reduce charging effects.

UV−Vis Spectroscopy. To quantify the lignin content (wt %) of
the PLA-grafted nanoparticles, first a calibration curve was established
by recording the UV−vis absorbance at 280 nm of solutions of lignin
nanoparticles dissolved in DMF (concentration 0−50 μg/mL) by
using a PerkinElmer Lambda 365 UV−vis spectrophotometer
(Supporting Information Figure S1). Lignin contents of solutions of
PLA-grafted lignin nanoparticles of known concentration were
determined by using this calibration curve by measuring the UV
absorbance at 280 nm. To measure the UV-barrier properties and
transparency of polymer films in the visible range, light transmittance
spectra in the wavelength of 200−700 nm were recorded.

Thermal Analysis. Thermogravimetric analysis (TGA) was
performed using a PerkinElmer TGA 400 instrument. Experiments
were conducted under a nitrogen atmosphere by increasing the
temperature from 30 to 800 °C at a heating rate of 1 °C/min.
Differential scanning calorimetry (DSC) measurements were executed
using a DSC 8000 instrument from PerkinElmer, which was calibrated
with water, indium, and zinc as standards. Each sample was first
heated from 20 to 220 °C at a rate of 10 °C/min to erase any previous
thermal history and then rapidly cooled to 20 °C in 6 min, prior to a
second heating scan (from 20 to 220 °C at a rate of 10 °C/min).

Oxygen and Water Vapor Permeability Measurement. Oxygen
transmission rates (OTR) were determined at 23 °C and 50% relative
humidity by using a coulometric cell (Systech 8001, United
Kingdom), with a measurement limit of 0.008 cm3/m2/day. For
each sample, two films were mounted in the two chambers of the
apparatus with a circular opening of 5 cm2. After purging the
chambers with nitrogen until baseline stabilization, one side of the
films was exposed to an oxygen gas flow (1 bar), and the OTR value
was obtained by the mean of the data collected from the two
chambers. The water vapor transmission rate (WVTR) was measured
by using the same method and conditions reported for the OTR by
using an electrolytic P2O5 sensor (Systech 7001, United Kingdom),
with a measurement limit of 0.02 g/m2/day. A water vapor flow was
applied to one side of the films during the experiment.38 The
permeability to oxygen (OP) and water vapor (WVP) was calculated
from the respective transmission rate as
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where h is the thickness of the film, the water saturation pressure at 23
°C is 3.17 kPa, and the relative humidity is 50%.39 For the film
thickness, the average of five values obtained with a micrometer was
considered.
Mechanical Testing. The tensile properties of the films were

measured using an Instron 1011 universal testing machine, equipped
with a 5 kN load cell in accordance with ASTM D638. The specimens
had a length, width, and thickness of narrow section of 165, 10, and 1
mm, respectively. These dimensions are in accordance with specimen
Type I as reported in the ASTM D638. Five specimens were tested
for each blend at a constant speed of 5 mm/min.
Statistical Analyses. The data are presented as mean ± standard

deviation of the mean. The Student’s t test statistical difference was
performed, and differences between the data are considered
statistically significant at *p < 0.05, **p < 0.01, and ***p < 0.001.
Procedures. Lignin Nanoparticle Synthesis. Lignin nanoparticles

were prepared via precipitation.40 First, a solution of 4 wt % lignin in
ethylene glycol was prepared by dissolving 0.888 g of lignin in 20 mL
of ethylene glycol. The solution was stirred for 2 h at room
temperature and then filtered through a filter paper (Whatman 541,
pore size 22 μm) to remove the insoluble lignin impurities. Then,
using a peristaltic pump, 1 mL of 0.25 M HCl was added to the lignin
solution at a rate of 0.04 mL/min under vigorous stirring. After the
addition of the acid was completed, stirring was continued for another
2 h, followed by sonication for 30 min at a frequency of 30 kHz in a
TPC-40 ultrasonic bath (Telsonic AG, Switzerland), and then dialysis
against 2 L water through a membrane with cutoff of 10 kDa. Dialysis
was performed for 3 days changing the water three times daily,
resulting in a final solution pH of 7 as measured with a pH meter
(Seven Easy, Mettler Toledo, USA). Finally, the water was removed
by freeze-drying for a period of 48 h to obtain nanoparticles in 30%
yield.
Synthesis of PLA-Grafted Lignin Nanoparticles. In a typical

experiment, 300 mg of lignin nanoparticles, 1.5 g of DL-lactide (11.5
mmol), and 50 mg of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU)

(0.33 mmol) were added to a 50 mL Schlenk flask. Then, 20 mL of
anhydrous DCM was added, and the reaction mixture was stirred
under N2 at room temperature for 3 h. After that, the reaction was
quenched with 0.5 mL of acetic acid, and the crude product
precipitated by addition of 160 mL of methanol. The final product
was isolated by centrifugation (20 min, 8000 rpm, three times) and
then dried in a vacuum oven at 60 °C overnight.

Preparation of PLA Blend Films. Films of blends of PLA with
lignin, lignin nanoparticles, and PLA-modified lignin nanoparticles
were prepared via solvent casting. Films were prepared that contained
1, 5, and 10 wt % lignin. First, PLA was dried overnight at 40 °C in a
vacuum oven. Then, it was dissolved in chloroform at a concentration
of 10 wt % with vigorous stirring at room temperature for 12 h. At the
same time, the lignin, lignin nanoparticles, or PLA-grafted lignin
nanoparticles were stirred in chloroform (concentration 10 mg/mL)
for 12 h as well. The PLA solutions and lignin dispersions were then
mixed and stirred overnight. The mixture was finally cast onto a
Teflon Petri dish. The lignin content of the blend films was varied by
adjusting the volumes of the PLA solution and the lignin dispersions.
The film was left drying for 24 h at room temperature, under the fume
hood, and finally for 72 h in a vacuum oven at 50 °C.

DPPH Assay. The antioxidant activity of the samples was evaluated
using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) colorimetric assay,
with a slightly modified version of the method reported by Blois.41

For these experiments, 40 mg of each film was cut into small pieces
and immersed in 2 mL of a 25 mg/L DPPH solution in methanol.
The samples were shaken in the dark for 3 h, and their absorbance at
517 nm was measured. The DPPH radical-scavenging activity is
calculated as

=
−

×
A A

A
antioxidant activity (%) 100t0

0

where A0 is the absorbance of the pure DPPH solution at 517 nm and
At the absorbance of the DPPH solution the after 3 h incubation with
the films.

■ RESULTS AND DISCUSSION
Nanoparticle Synthesis. The lignin nanoparticles used in

this study were prepared via precipitation as illustrated in

Scheme 1. Synthesis of Lignin Nanoparticles and Subsequent Grafting of Poly(lactic acid) (PLA) via Lactide Ring-Opening
Polymerization

Figure 1. AFM images and size distributions of (A) lignin nanoparticles and (B) PLA-modified lignin nanoparticles that were prepared with an
initial lactide/lignin nanoparticle ratio of 5/1 (w/w).
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Scheme 1.40 To this end, lignin was dissolved in ethylene
glycol, followed by addition of HCl and subsequent dialysis
against water. The formation of nanoparticles via this process is
driven by the change in pH as well as the addition of an
antisolvent. The size and size distribution of the lignin
nanoparticles were determined by atomic force microscopy
(AFM). Figure 1A presents an AFM image of lignin
nanoparticles deposited on a silicon substrate. Analysis of
this AFM image reveals an average particle diameter of 110.8 ±
11.9 nm.
PLA-grafted lignin nanoparticles were prepared by organo-

catalyzed ring-opening polymerization of DL-lactide using DBU
as catalyst. Polymerizations were conducted in DCM at room
temperature for a period of 3 h and at lactide/lignin
nanoparticle ratios of 1, 5, 10, and 15 (w/w). AFM analysis
of lignin nanoparticles that were dispersed in DCM for 3 h did
not reveal significant changes in particle size, indicating that
the nanoparticles are stable in the solvent that was used for the
polymerization (Figure S2). The resulting PLA-grafted lignin
nanoparticles were characterized with 1H, DOSY, and 31P
NMR spectroscopy as well as AFM and UV−vis spectroscopy.
Table 1 summarizes the results of these analyses.

Figure 2 compares 1H NMR spectra recorded from lignin
nanoparticles as well as PLA-grafted lignin nanoparticles that
had been dissolved in DMF-d7.

1H NMR spectra of all
synthesized PLA-grafted lignin nanoparticles are presented in
Figure S3. The 1H NMR spectrum obtained from the lignin
nanoparticles shows resonances that can be assigned to
aliphatic protons (0.5−1.7 ppm), aliphatic hydroxyl groups
(3.2−3.6 ppm), methoxy groups (3.5−4.1 ppm), and aromatic
H/phenolic hydroxyl groups (6.5−7.5 ppm).42,43 The 1H
NMR spectrum of the PLA-grafted lignin nanoparticles
presents additional resonances at 4.9 and 4.0 ppm, which are
due to the C−H protons of the lactic acid repeat units,
respectively, chain end of the PLA grafts, and a signal at 1.5
ppm that can be assigned to the PLA side-chain methyl groups.
The number-average degree of polymerization and the
number-average molecular weight of the PLA grafts were
calculated by comparing the integrals of the CH resonances at
4.9 ppm with that of the CH proton at the terminal lactic acid
unit at 4.0 ppm. As indicated in Table 1, the degree of
polymerization of the PLA grafts increases gradually from 8 to
73 upon increasing the initial lactide/nanoparticle ratio that
was used in the ring-opening polymerization from 1 to 15.
With increasing degree of polymerization of the PLA grafts, the
lignin content of the nanoparticles, as determined by UV−vis
spectroscopy, decreases from 30 to 5 wt %.

The size and shape of the PLA-grafted lignin nanoparticles
were studied by AFM. As an example, Figure 1B shows an
AFM image obtained from PLA-grafted lignin nanoparticles
that were prepared at an initial lactide/lignin nanoparticle ratio
of 5/1. The AFM image shows that the particle shape is
retained during the lactide ring-opening polymerization and
reveals an increase in particle size from 110.8 ± 11.9 to 197.5
± 31.8 nm. Results of AFM analyses of PLA-grafted
nanoparticles obtained at all four lactide/lignin nanoparticle
ratios are presented in Figure S4.
The PLA-grafted lignin nanoparticles were further charac-

terized by DOSY and 31P NMR spectroscopy. Figure S5 shows
the DOSY-NMR spectrum of PLA-grafted lignin nanoparticles
prepared with an initial lactide/lignin nanoparticle ratio of 15/
1. The DOSY spectrum reveals similar diffusion coefficients for
the characteristic lignin and PLA 1H NMR resonances, which
confirms the covalent attachment of the PLA grafts to the
lignin nanoparticles. The spectrum also presents a lignin signal
characterized by a larger diffusion coefficient, which is due to
unmodified lignin that constitutes the interior of the
nanoparticle and that is not modified with PLA.
The identity and number of lignin hydroxyl groups that

serve as initiators for the lactide ring-opening polymerization
can be quantitatively assessed by 31P NMR spectroscopy.
These analyses were performed on solutions of the PLA-
grafted or unmodified lignin nanoparticles and use TMDP to
phosphorylate unreacted hydroxyl groups. As an example,
Figure S6 shows 31P NMR spectra recorded from solutions of
unmodified lignin nanoparticles as well as of PLA-grafted lignin
nanoparticles that were prepared at an initial lactide/
nanoparticle ratio of 15 to 1. The 31P NMR spectrum of the
unmodified lignin nanoparticles shows the signals of the
aliphatic hydroxyl groups (145.5−148.5 ppm), phenolic
hydroxyls (137.5−143.5 ppm), and carboxylic acids (133.5−
135.2 ppm). Compared to the 31P NMR spectrum of the
unmodified nanoparticles, the spectrum of the PLA-grafted
nanoparticles reveals a significant reduction in the resonances
of both the aliphatic and phenolic hydroxyl groups.
Quantitative analysis of the hydroxyl group concentration
from these spectra indicates phenolic and aliphatic hydroxyl
group concentrations of 3.24 and 1.82 mmol/g for the
unmodified lignin nanoparticles, and 2.13 and 0.09 mmol/g for
the PLA-grafted lignin nanoparticles. These results indicate
that, as expected, the majority of the PLA grafts are grown
from aliphatic hydroxyl groups as initiator.43−45

PLA Blend Film Preparation and Characterization.
Blends of PLA and PLA-grafted lignin nanoparticles were
obtained via solvent casting from chloroform. The PLA used
for the preparation of these blends was a commercially
available food packaging grade material. For the preparation of
these blend films, PLA-grafted lignin nanoparticles were used
that were obtained via ring-opening polymerization of lactide
at an initial monomer/nanoparticle ratio of 5/1 (w/w). These
particles were selected because they have a relatively high
lignin content (15 wt %) and PLA grafts with a reasonable
degree of polymerization, which was believed to facilitate
compatibilization with the PLA blend matrix. The amount of
PLA-grafted lignin nanoparticles was varied to generate a series
of blend films containing 1, 5, and 10 wt % lignin. As control
samples, blends of PLA with 1, 5, and 10 wt % lignin as well as
blends of PLA and 1, 5, and 10 wt % unmodified lignin
nanoparticles were prepared. Figure S7 shows optical micro-
graphs of the different blend films.

Table 1. Degree of Polymerization and Number-Average
Molecular Weight of the PLA Grafts and Lignin Content of
PLA-Grafted Lignin Nanoparticles Prepared at Different
Initial Lactide/Lignin Nanoparticle (LNP) Ratios

lactide:LNP
(w/w)

PLA
DPa PLA Mn (Da)

a lignin (wt %)b
yield
(%)

1 8 1108 30.4 65
5 27 3862 15.0 84
10 38 5472 8.8 87
15 73 10463 5.1 91

aDetermined by 1H NMR spectroscopy (spectra are presented in
Figure S3). bObtained from UV−vis spectroscopy.
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To investigate the dispersion of the lignin nanoparticles in
the PLA blends, the films were studied by AFM. Figure 3
shows AFM images of spin-coated blend films of PLA and
PLA-grafted lignin nanoparticles (Figure 3A), PLA and
unmodified lignin nanoparticles (Figure 3B), PLA and lignin
(Figure 3C) (all containing 10 wt % lignin), and a pure PLA
film (Figure 3D). The AFM image of the PLA/PLA-grafted
lignin nanoparticle blend film reveals ∼108 nm diameter

nanoparticles that are well dispersed in the PLA matrix. The
blend film prepared from PLA and unmodified lignin
nanoparticles also shows the presence of nanoparticles. In
contrast to the PLA-grafted lignin nanoparticles, however, the
unmodified nanoparticles aggregate in micrometer-sized
domains in the PLA matrix. Figure 3C illustrates the phase-
separated structure of the PLA/lignin blend and Figure 3D the
uniform film that is obtained by solution casting of pure PLA.

Figure 2. 1H NMR spectra of lignin nanoparticles (A) and PLA-grafted lignin nanoparticles that were obtained at an initial lactide/lignin
nanoparticle ratio of 15/1 (w/w) (B, C). Part C presents a magnification of the 2.5−7.5 ppm region of the spectrum shown in part B.

Figure 3. AFM images of spin-coated films of (A) a PLA−PLA-grafted lignin nanoparticle blend, (B) a PLA−lignin nanoparticle blend, (C) a
PLA−lignin blend, and (D) neat PLA (all the blends contain 10 wt % lignin).
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The results of the AFM experiments were corroborated by
SEM analysis of 1 μm thick microtomed specimens of the films
(Figure 4). While the SEM image of the PLA/PLA-grafted
lignin nanoparticle blend reveals well-dispersed nanoparticles,
aggregation is observed in blends of PLA and the unmodified
lignin nanoparticles. The SEM image in Figure 4C also shows
that phase separation occurs in the PLA/lignin blend. Taken
together, the results of the AFM and SEM analyses
demonstrate that surface modification of lignin nanoparticles
with PLA grafts provides an efficient strategy to ensure a
uniform dispersion of lignin nanoparticles in the PLA matrix.
By use of DSC and TGA, the thermal properties of the

PLA/PLA-grafted lignin nanoparticle, PLA/lignin nanopar-
ticle, and PLA/lignin blends (all containing 10 wt % lignin)
were analyzed and compared with those of pure PLA. The

results of these analyses, which are presented in Figure S8 and
Table S1, indicate that neither the glass transition temperature
(Tg) nor the onset of thermal degradation of the PLA matrix
was affected by the incorporation of 10 wt % lignin.
The mechanical properties of the PLA/PLA-grafted lignin

nanoparticle, PLA/lignin nanoparticle, and PLA/lignin blends
were investigated by tensile testing experiments and compared
with those of pure PLA samples. Representative stress−strain
curves of the different samples are presented in Figure S9.
Figure 5 summarizes the tensile strength, Young’s modulus,
and elongation at break values obtained from these experi-
ments. Pure PLA shows brittle behavior, with low elongation at
break (about 2%) and a Young’s modulus of ∼2.6 GPa. These
values are in agreement with previously published data on PLA
films prepared via solvent casting.46 The tensile strength and

Figure 4. SEM images of 1 μm thick films prepared via ultramicrotomy of (A) a PLA−PLA-grafted lignin nanoparticle blend, (B) a PLA−lignin
nanoparticle blend, (C) a PLA−lignin blend, and (D) neat PLA (all blends contain 10 wt % lignin).

Figure 5. Tensile properties of pure PLA films and PLA blends containing lignin, lignin nanoparticles (LNPs), and PLA-grafted lignin nanoparticles
(PLA-LNPs) with 1, 5, and 10 wt % lignin content: (A) tensile strength, (B) Young’s modulus, and (C) elongation at break. Results and error bars
correspond to the average and standard deviation of measurements performed on five different specimens (n = 5) for each sample. Statistical
analysis was performed with the Student’s t test (*p < 0.05, ** p < 0.01, ***p < 0.001).
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Young’s modulus of the blends slightly decreased compared to
neat PLA, but neither significantly varied across the different
lignin contents or across the type of filler (lignin, unmodified
lignin nanoparticles, PLA-grafted lignin nanoparticles). The
elongation at break of the blend samples increased when 1 wt
% filler was incorporated and even further upon increasing the
lignin content to 5 wt % for all three types of PLA/lignin
blends. Further increasing the lignin content to 10 wt %,
however, resulted in a decrease in elongation at break for the
PLA/lignin and PLA/lignin nanoparticle blends, probably due
to phase separation and the low cohesion between lignin and
PLA in these samples. Blends of PLA and PLA-grafted
nanoparticles, in contrast, showed a further increase in
elongation at break upon increasing the lignin content from
5 to 10 wt %. This is attributed to the presence of the grafted
PLA chains that act as compatibilizers.
As a food packaging material, PLA serves to prevent

exposure of food to oxygen and water vapor. PLA presents
moderate oxygen barrier properties and relatively poor water
vapor barrier properties.47,48 To evaluate the gas barrier
properties of the blend films and assess the impact of the
incorporation of the different lignin fillers, the oxygen and
water vapor transmission rates (Figure S10) as well as
permeability (Figure 6) of the different PLA/lignin blends

films were measured and compared with that of pure PLA. The
results presented in Figure 6 demonstrate that the oxygen
permeability of the PLA films was not significantly influenced
by the incorporation of the lignin-based fillers. In contrast,
comparison of the water vapor permeabilities reveals a slight
reduction in water vapor permeability of the blends as
compared to pure PLA in most cases, with a significant
reduction for films that contain lignin or PLA-grafted
nanoparticles at a lignin content of 10 wt %.
In addition to providing a barrier to oxygen and water vapor

exposure, food packaging films also need to possess
appropriate optical properties. On the one hand, customers
desire to see the product inside the package. On the other
hand, exposure to UV light can induce degradation of lipids,
proteins, and vitamins, thus reducing the food shelf life.49 An
optimal packaging material should hence provide UV-
protection to the food, while maintaining the product visible
by the naked eye. The optical properties of PLA blend films
with thicknesses of 0.8−1 mm were investigated using UV−vis
spectroscopy by measuring the percent transmittance of light
at 280 nm (T280) and 660 nm (T660), respectively (Figure 7).
Figure S7 presents optical micrographs of the different blend
films. Figure S11A shows the UV−vis transmittance spectra of
the films recorded between 200 and 800 nm. These spectra

Figure 6. Gas barrier properties of pure PLA films and PLA blends containing lignin, lignin nanoparticles (LNPs), and PLA-grafted lignin
nanoparticles (PLA-LNPs) with 1, 5, and 10 wt % lignin content: (A) oxygen permeability (OP) and (B) water vapor permeability (WVP). Results
and error bars correspond to the average and standard deviation of measurements performed on two different samples (n = 2). Statistical analysis
was performed with the Student’s t test (*p < 0.05, **p < 0.01, ***p < 0.001).

Figure 7. Transmittance (%) of pure PLA films and PLA blends containing lignin, lignin nanoparticles (LNPs), and PLA-grafted lignin
nanoparticles (PLA-LNPs) with 1, 5, and 10 wt % lignin content, recorded at (A) 280 nm and (B) 660 nm. Results and error bars correspond to
the average and standard deviation of measurements performed on three different specimens (n = 3) for each sample. Statistical analysis was
performed with Student’s t test (*p < 0.05, **p < 0.01, ***p < 0.001).
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show that neat PLA is highly transparent in both the visible
and UV spectral regions, with high transmittance at wave-
lengths above 240 nm. As indicated in Figure 7A, blending
PLA with 1 wt % lignin, in contrast, reduces the UV light
transmittance at 280 nm to <10%, and further increasing the
lignin content of the blends to 10 wt % almost completely
blocks UV-light transmittance (T280 ∼ 0.2%) (see also Figure
S12). At the same time, however, the different PLA/lignin
blends (especially at low lignin content) retained a relatively
high transmittance in the visible light region (Figure 7B). At all
the investigated lignin contents, blends of PLA and PLA-
grafted lignin nanoparticles showed a higher transparency in
the visible range as compared to PLA/lignin nanoparticle
blend films or PLA/lignin blend films, which reflects the
uniform distribution of the PLA-grafted lignin nanoparticles in
the PLA matrix and the phase separation and aggregation that
occurs in the PLA/lignin nanoparticles and PLA/lignin blends.
The results presented in Figure 7 reflect the optical
micrographs of the blends that are presented in Figure S7
and which also demonstrate that even at relatively high lignin
contents PLA blends with PLA-grafted lignin nanoparticles
appear more transparent as compared to blends of PLA with
lignin nanoparticles or lignin.
In a final set of experiments, the antioxidant activity of the

blend films was evaluated. Oxygen radical species generated by
thermal processing or irradiation of packaging and food can
initiate the oxidation of lipids, vitamins, and proteins in the
packaged product, thus drastically reducing its shelf life.14,50,51

The antioxidant activity of the films was measured with the
DPPH assay.41 DPPH is a stable free radical that shows a
strong absorbance at 517 nm. DPPH can act as a radical
scavenger and upon reaction with another radical becomes
colorless. Figure S11B presents UV−vis spectra of DPPH
solutions upon exposure to films of PLA and the different
PLA/lignin blends. From the decrease of the intensity of the
absorbance at 517 nm, a DPPH conversion can be calculated,
which is taken as a measure of the antioxidant activity of the
films. Figure 8 compares the antioxidant activities of pure PLA

with that of the different PLA/lignin blend samples. While the
pure PLA film only displays a low radical scavenging activity,
blending as little as 1 wt % lignin strongly increases the
antioxidant activity of the film. For each of the different PLA/
lignin blend films, the antioxidant activity increases with
increasing the lignin content. At low lignin contents (1 wt %),
the PLA/lignin nanoparticle and PLA/lignin blend films
outperform the PLA/PLA-grafted lignin nanoparticle blends.
This is attributed to the fact that at these low lignin contents
the lignin nanoparticles and the lignin are reasonably well
dispersed in the PLA matrix, and the larger number of free
hydroxyl groups present in the unmodified lignin nanoparticles
and the free lignin dominate the better dispersion of the PLA-
modified lignin nanoparticles, which carry a smaller number of
free hydroxyl groups since part of these have been consumed
as initiating sites for the lactide ring-opening polymerization.
For blends that contain 5 and 10 wt % lignin, in contrast, the
antioxidant activity of the PLA-grafted nanoparticle-containing
films is higher as compared to that of the PLA/lignin
nanoparticles and PLA/lignin blends. At these lignin contents
in the blend, the effects of the phase separation of lignin and
the aggregation of lignin nanoparticles become noticeable,
whereas the PLA-grafted lignin nanoparticles remain well
dispersed, resulting in a higher antioxidant activity in spite of
the reduced number of free hydroxyl groups present in the
PLA-grafted lignin nanoparticles.

■ CONCLUSIONS
This work has investigated the use of PLA-grafted lignin
nanoparticles to enhance the antioxidant activity as well as the
mechanical and barrier properties of PLA food packaging films.
Lignin nanoparticles with sizes of ∼110 nm, which were
obtained via precipitation, could be modified in a straightfor-
ward fashion with PLA grafts of various molecular weights via
organocatalyzed ring-opening polymerization of lactide.
Atomic force microscopy and scanning electron microscopy
analyses revealed that these PLA-grafted nanoparticles could
be uniformly dispersed in PLA to generate PLA−lignin blends
with lignin contents of up to 10 wt % without any indication of
nanoparticle aggregation. Analyses of blends of PLA with lignin
or unmodified lignin nanoparticles, in contrast, revealed phase
separation and nanoparticle aggregation. The incorporation of
PLA-grafted nanoparticles allowed to efficiently reduce the
optical transmittance of PLA in the UV range, while retaining
reasonable transparency to the visible light region. Compared
to blending lignin or unmodified lignin nanoparticles,
incorporation of the PLA-grafted nanoparticles improved
visible light transmission, highlighting the importance of
avoiding phase separation and nanoparticle aggregation and
reflecting the uniform dispersion of the PLA-grafted lignin
nanoparticles. Blending PLA-grafted lignin nanoparticles also
greatly improves the antioxidant properties of PLA. In
particular at high lignin blend contents (5 and 10 wt %), the
antioxidant activity of PLA−PLA-grafted nanoparticle blend
films was found to be superior to that of PLA−lignin and
PLA−lignin nanoparticle blends, which is also attributed to
phase separation and nanoparticle aggregation in the latter two
blend films.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsapm.2c00420.

Figure 8. Antioxidant activity of pure PLA films and PLA blends
containing lignin, lignin nanoparticles (LNPs), and PLA-grafted lignin
nanoparticles (PLA-LNPs) with 0, 1, 5, and 10 wt % lignin content,
obtained by the DPPH assay. Results and error bars correspond to the
average and standard deviation of measurements performed on three
different specimens (n = 3). Statistical analysis was performed with
the Student’s t test (*p < 0.05, **p < 0.01, ***p < 0.001).
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Initial thermal degradation temperature and glass
transition temperature; UV−vis absorbance spectra of
DMF solutions of lignin nanoparticles and correspond-
ing calibration curve; AFM images of the nanoparticles;
1H NMR spectra of PLA-grafted lignin nanoparticles
prepared with different lactide/lignin nanoparticle ratios;
DOSY-NMR spectrum of PLA-grafted lignin nano-
particles; 31P NMR spectra of nanoparticles before and
after PLA grafting; photographs of the films; DSC and
TGA curves; stress−strain curves obtained during tensile
tests; oxygen and water vapor transmission rates; UV−
vis transmission spectra of the films; magnification of
Figure 7A (PDF)
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