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Stability of multifunctional lignin-g-PLGA films as
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Biodegradable films were synthesized from lignin(LN)-grafted-PLGA polymers, and their stability was
tracked over 12 months. The impact of the type of lignin, alkaline LN (ALN) and sodium lignosulfonate
(SLN), and the LN : PLGA w/w ratio (1: 4 and 1:6 w/w) on the mechanical, chemical, thermal and surface
properties of the films was assessed. Films were made using an interphase formation process and were
stored at two relative humidities (RH; 30% or 70%) for one year. Mechanical characterization revealed
that ALN-g-PLGA films were stiffer than SLN-g-PLGA and control (PLGA) films. LN-grafted films had
a glass transition temperature (T,) of approximately 50.9 + 4.6 °C, which remained consistent over 12
months at both RHs. For the LN-grafted films, the contact angles (CAs) and roughness coefficients (R.)
of the aqueous and organic sides differed. The aqueous side showed a lower CA and higher R, while the
organic side had a higher CA and lower R., suggesting a direct correlation between wettability and
roughness. The CA and R. of most films showed no significant changes over time. UV (UV-A/B/C)
shielding was above 95% for ALN-g-PLGA, and above 75% for SLN-g-PLGA films; in comparison, control
PLGA films only blocked 67% of UV radiation at time zero. The UV-blocking by LN-g-PLGA films did not
change over time, but for PLGA films it decreased from 67% to 23%. Our study shows that, compared
with PLGA films, LN-g-PLGA films maintained their integrity for a longer period at both high and low
RHs. Because of their higher durability, UV absorption properties and potential for tunability of
mechanical and surface properties of the films, it is concluded that LN-g-PLGA films have a high
versatility for applications ranging from packaging to coating materials.

Lignin is the second most abundant renewable polymer. A product of the pulping industry, most lignin is burned for energy production. This study investigates
the development of value-added, lignin-based materials with adjustable biodegradability aimed at providing sustainable alternatives to conventional plastics.

This work aligns well with the global effort of transitioning toward more sustainable and renewable materials.

Introduction

environment or in landfills or are burned.* Microplastics and
nanoplastics, formed due to fragmentation and weathering

Plastic pollution has become a critical environmental problem.
In 2019, 446.2 million tons of plastics were produced,* of which
50% were destined for single use products.> The main types of
plastics produced are petroleum based, such as low- and high-
density polyethylene, polystyrene, polypropylene, polyester,
polyvinylchloride, polyamide, and polyurethane.®* Because
plastics have a low production cost, are long-lasting materials,
and are used for disposable objects, they accumulate in the
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effects, are of great concern due to their low degradability, and
potential health impact after ingestion. Around 13 million tons
of plastics produced end up in the ocean every year.> Polymer
traces have been found in many aquatic organisms, such as fish,
crustaceans, and zooplankton.® Additionally, microplastics
have been found to cause desiccation and cracking in soil
surfaces.®

Between 2014 and 2019, approximately 31% of plastic was
produced by the packaging sector." We propose the production
of biodegradable polymers as a solution to reduce the envi-
ronmental impact of petroleum-based plastics used in pack-
aging, particularly for single use products.

After cellulose, lignin (LN) is the second most plentiful bio-
logical polymer and is a good candidate for synthesis of
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biodegradable films used in packaging. It is a complex macro-
molecule composed of aromatic phenolic rings, namely con-
iferyl alcohol, sinapyl alcohol, and p-coumaryl alcohol.” LN is
a highly branched 3D molecule that contains several functional
groups, such as hydroxyl (OH), carbonyl (C=0) and carboxyl
(COOH) which permits easy chemical modification of the
polymer.® LN can be extracted in many forms depending on the
process used and has different properties. For example, alkaline
LN (ALN) has a molecular weight of 1000-15,000 g mol " and is
more soluble in organic solvents, while sodium lignosulfonate
(SLN) has a molecular weight of 1000-50,000 g mol ", is more
soluble in water, and contains a higher concentration of -SO;
groups.® LN is mainly extracted from the pulping industry;
nevertheless it is mainly used for production of energy and
considered a biowaste making it a valuable resource for value-
added products.*

LN has several desirable properties for packaging applica-
tions, such as antioxidant and antimicrobial activity, biode-
gradability, and UV absorbance.™ During storage, the
degradation of kraft LN into phenolic components was found to
be associated with increased antimicrobial activity."> The UV-
blocking properties of LN have been investigated by adding LN
nanoparticles to poly-vinyl alcohol (PVA) to create films with UV
shielding capabilities. The addition of 1% w/w LN nanoparticles
increased the UV-B absorbance of films to >90%, which is much
greater than the 30% absorbance of neat PVA."® In addition, LN
has been used to enhance the mechanical properties of bio-
polymeric films. When added to soy protein isolate, both alka-
line LN and lignosulfonates have been shown to increase the
tensile strength and decrease the elongation of the resulting
films.* LN has also been incorporated in PVA and PLA polymer
films to reinforce their physical properties.*'> Another biode-
gradable but synthetic polymer used to form soft films is pol-
y(lactic-co-glycolic) acid (PLGA) with good gas Dbarrier
properties.'® Biodegradable PLGA films showed low CO, and
oxygen permeability,"” making them good candidates for
packaging perishable foods susceptible to oxidation.

To take advantage of the degradability and other desirable
properties of LN and PLGA, we synthesized films from LN (ALN
and SLN) grafted with poly(lactic-co-glycolic) acid (PLGA) using
an interphase formation process between an organic and an
aqueous phase as described in a previous study.'”® The
amphiphilic nature of the grafted polymer and the synthesis
method led to the formation of films with different charac-
teristics on each side, as shown in this study. The side facing
the organic solvent showed a higher contact angle compared
to the side facing the aqueous solvent, and X-ray photoelectron
analysis showed higher amounts of polar groups on the
aqueous side of the films. The addition of LN to the polymer
was shown to increase the stiffness of the films and reduce
their ductility.

Building on these previous findings, we hypothesized that
the type of LN and the ratio of LN : PLGA (w/w) would affect
the stability of the films, and that incorporation of LN would
extend the use-life of PLGA films. The novelty of the study
consists of incorporating lignin in the film by covalently
attaching it to PLGA prior to film formation. To test these
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hypotheses, we synthesized films using two types of LN and
two different LN : PLGA ratios. The LN-g-PLGA films were then
stored for 12 months at different relative humidities (RH;
30% and 70%) to emulate a wide range of humidity condi-
tions relevant for many packaging applications. Their
mechanical, thermal, surface, and chemical properties were
measured over time.

Experimental
Materials

Alkaline lignin (ALN) and sodium lignosulfonate (SLN) were
purchased from TCI (Portland, OR). Oxalyl chloride, dime-
thylfformamide (DMF), ethyl acetate, dimethyl sulfoxide
(DMSO), magnesium chloride hexahydrate, sodium chloride,
and glycerol were obtained from Fisher Scientific (Fair Lawn,
NJ). Dimethyl sulfoxide 99.9% for NMR was obtained from
Thermo Fisher Scientific (Plaquemine, LA). Dichloromethane
(DCM) was purchased from Supelco (Burlington, MA), and poly
lactic-co-glycolic acid (1:1) (35000 to 45000 Da) (PLGA) was
acquired from Sigma Aldrich (St. Luis, MO). Deionized (DI)
water was obtained from a Barnstead Smart2Pure water purifi-
cation system (Barnstead International, Dubuque, IA).

Methods

Polymer synthesis. The (A/S) LN-g-PLGA polymers were
synthesized in a two-step acylation reaction.” LN and PLGA
were grafted at two LN:PLGA ratios, 1:4 and 1:6 (w/w) in
accordance with previous work,"® following an optimization
protocol. 4 g of PLGA were dissolved in 100 mL dry dichloro-
methane (DCM). Argon gas was circulated during the reaction
to remove humidity within the flask, preventing inactivation of
oxalyl chloride, and to remove the hydrochloric acid generated
during the reaction.*® Oxalyl chloride (110 pL) and 4 mL
dimethylformamide (DMF) were added to PLGA and mixed for
five hours. An R-300 Rotavapor (Buchi Corporation, New Castle,
DE) was used to concentrate the PLGA-CI solution, which was
then dissolved in 30 mL dimethyl sulfoxide (DMSO). In
a separate flask, A/S (LN) was dissolved in 30 mL dry DMSO; 1 g
or 0.66 g of LN was used for the 1:4, and 1:6 LN : PLGA w/w
ratios, respectively. After the solutions were mixed, 4 mL of
DMF was added and the mixture was stirred for 24 hours. The
A/S(LN)-g-PLGA polymer was precipitated in 200 mL ethyl ether
for 20 min. Excess ethyl ether was removed, and new ethyl ether
was added five times, after which the polymer was left to air dry
for 10-15 min. DCM (40 mL) was added to the polymer and
stirred until dissolved. The solution was added to a decantation
flask and washed with water three times to remove unreacted
LN. The A/S (LN)-g-PLGA polymer was concentrated using an R-
300 Rotavapor (Buchi Corporation, New Castle, DE) and freeze-
dried in a Labconco FreeZone 2.5 plus (Labconco, Kansas
City, MO).

Film formation. Polymeric films were produced using an
interphase-forming process.*® Ethyl acetate was selected as the
organic solvent because of its lower density (0.902 mg mL ™)
compared to water, its low vapor pressure at room temperature

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(73 mmHg) and lower toxicity compared to chlorinated
solvents.*

150 mg of (A/S) LN-g-PLGA were dissolved in 10 mL ethyl
acetate at a concentration of 1.5% (w/v), stirred for 30 min at
approximately 300 rpm, and sonicated for 5 min in a Branson
3510 sonicator bath (Branson Ultrasonics Corporation, Dan-
bury, CT). After solubilization, glycerol was added as a plasti-
cizer (0, 5, 20% w/w) and stirred for 30 min. The (A/S) LN-g-PLGA
solution was poured into 50 mL beakers with 40 mL of DI water
and saturated with 8 mL of ethyl acetate. The solutions were
dried at room temperature under a Supreme Air fume hood
(Kewaunee Scientific, Statesville, NC) with an airflow of 167 fpm
for 3 days to evaporate all of the organic solvent. The resulting
films on the water surface were collected and stored in a desic-
cator at room temperature at 30% RH (with a saturated
magnesium chloride solution) or 70% RH (with saturated
sodium chloride).

Chemical characterization. The chemical degradation of the
films was assessed using proton nuclear magnetic resonance
(*H-NMR) analysis.'* "H-NMR analysis was performed on films
at three time points (0, 6, and 12 months) to determine the
effects of RH (30 and 70%) on the chemical structure of the (A/S)
LN-g-PLGA polymer. Films were cut into small pieces, and 5 mg
of the film was dissolved in 1 mL of DMSO containing 0.03%
tetramethyl silane (TMS) as a reference. The samples were
stirred for one hour and sonicated for two minutes before
analysis. "H-NMR analyses of the samples were performed using
a Bruker 400 NMR Spectrometer (Bruker Billerica, MA).

Thermogravimetric analysis (TGA). TGA was performed on
the polymer films at three time points (0, 6, and 12 months). At
each time point, 5-10 mg of the film was analysed with the TGA
550 discovery series (TA Instruments, New Castle, Delaware)
using a high-resolution dynamic method, under nitrogen gas
with a heating rate of 50 °C min " at a final temperature of 600 ©
C. The results were collected using the TRIOS software program
(TA Instruments, New Castle, DE) and the decomposition
percentages were obtained using the Universal Analysis 2000
program (TA Instruments, New Castle, DE).

Composition analysis of the polymer films showed three
main components: water fraction, bulk, and the ash remaining
after decomposition. The LN% of the films was calculated using
the ash% of ALN and SLN considering the water content in the
films. Eqn (1) and (2) were used to calculate the ash and LN%:

Ash fraction

0 —
Ash % = Ash fraction + Bulk fraction 100 (1)
Ash % of film
INY%= ——M—— x 1 2
%= Ashvhof LN <100 2)

Differential scanning calorimetry (DSC). The glass transition
temperature of the films was determined using DSC analysis.
Samples of approximately 10 mg were prepared by cutting
circular pieces of the films and placing them in aluminum pans.
The samples were analysed using a Discovery DSC 250 (TA
instruments, New Castle, Delaware) with an isothermal ramp of
10 °C min~ ", a temperature range of 0 °C to 125 °C, a cooling

© 2025 The Author(s). Published by the Royal Society of Chemistry
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cycle, and a second heating cycle with the same parameters as
the first. The results were collected using the TRIOS software
and analysed using the Universal Analysis program.

Mechanical characterization. The mechanical properties of
(A/S) LN-g-PLGA were measured at various time intervals (0, 1, 3,
6, and 12 months) following the ASTM D882 standard test
method with modifications to account for sample fixtures.
Films were cut into 1 x 2.5 cm strips, and the thickness was
measured using a 0-1" micrometer (Anytime Tools, Granada
Hills, CA). A universal testing system series 5969 (INSTRON,
Norwood, MA) was employed to perform tensile tests on films.
Loading was displacement controlled, with a rate of separation
set at 12.5 mm min}, to evaluate the films. Maximum tensile
strength, yield strength, ductility, yield ductility, and Young's
modulus were calculated from the strength/stress curves.

Roughness coefficient. Atomic force microscopy (AFM) was
used to determine the roughness coefficient of the films across
different time points (0, and 12 months). Films were cut into 1
x 1 cm squares which were attached to a sample holder using
double-sided tape. Two samples were prepared for each treat-
ment to observe differences between sides (organic and
aqueous). The samples were analysed using a Horiba SmartSPM
AIST (Horiba Scientific, Piscataway NJ) in non-contact mode, at
a scan rate of 1.0 Hz. A 10 x 10 pm area was analysed for each
sample and the resulting images were analysed using Gwyddion
software.?

Contact angle. The hydrophobicity of the films was assessed
with a sessile drop test® at 0, 6, and 12 months. Films were cut
into 2 x 2 cm pieces and placed in a tensiometer holder, and
then 15 pL droplets of water were placed on top. The contact
angle was measured on each side of the films (organic and
aqueous) with an Attension Theta optical tensiometer (Biolin
Scientific, Beijing, China) at 30 seconds.

UV measurements. Ultraviolet (UV) blocking by the films was
measured as follows. Films were cut into pieces of approxi-
mately 2 cm?, and their thickness was measured using a 0-1"
micrometer (Anytime Tools, Granada Hills, CA). A UV lamp
Intelli-ray 400 (Uvitron International Inc, West Springfield, MA)
with a UV emission at 50% capacity of 24.7 for UV-A/B and 53.3
for UV-C was used as a UV source. Two UV digital light meters
(UV-A/B), and (UV-C) (General tools, Secaucus, NJ) were used to
measure the transmission of UV light at different wavelengths:
UV-A/B (280-400 nm), and UV-C (100-280 nm). For each film
sample, we obtained a light meter reading for the unobstructed
sensor 25 cm from the UV lamp and another with the film
placed over the sensor, completely covering it. UV blocking was
calculated with eqn (3):

UV w/o film — UV with film 3)
UV w/o film

UV blocking % =

where UV w/o: UV light emitted by the lamp detected without
any obstruction. UV with film: UV light detected with a film
between the lamp and sensor.

Statistical analysis. One-way ANOVA, 2-way ANOVA, 3-way
ANOVA, Tukey's multiple comparison test, and Bonferroni
multiple 7T-test were used. Statistical analyses were performed
using GraphPad Prism 10 (GraphPad Software, Boston, MA).
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Results
1H-NMR

"H-NMR spectra of the freshly synthesized copolymer films, and
those after storage for 12 months at 30% and 70% RH are shown
in Fig. 1. Both DMSO and H,O peaks were present in all polymers
analysed and for all-time points (Fig. 1A-F). DMSO was used as
a solvent for "H-NMR analysis and corresponds to the peak at
2.5 ppm. At 3.3-3.5 ppm H,O was present in every film. Similar

” SLN 1_4.1.fid
I

ALN 1_4.1.fid

PLGA.1.fid
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results were observed in ref. 24 in analyses of LN-g-PLGA poly-
mers where DMSO was also used as an "H-NMR solvent. The peak
observed at 1.5 ppm indicated the presence of methyl groups in
PLA (poly lactic acid),® and this peak can be seen in the PLGA
spectrum (Fig. 1B) as well as in those of all LN-g-PLGA polymers,
but it was absent in the ALN and SLN spectra, as expected. The
acetoxy group (-OCOCH3;, 1.7-2.2 ppm), formed between PLGA
and (A/S) LN during the grafting reaction was observed in all
polymers at time 0, as well as after 6 and 12 months.
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Fig.1 (A)'H-NMR spectra of newly synthesized (A/S) LN-g-PLGA polymers, and SLN-g-PLGA 1: 4 w/w LN : PLGA ratio and ALN-g-PLGA 1: 4 w/
w LN : PLGA ratio films. Also shown are the spectra of the LN-grafted polymer components analysed separately: PLGA, sodium lignosulfonate
(SLN), and alkaline lignin (ALN). (B) *H-NMR spectra of PLGA films stored at two different relative humidities (30%, and 70%) and sampled at three
time points: 0 months, 6 months, and 12 months. (C) *H-NMR spectra of ALN-g-PLGA films (1: 4 LN : PLGA ratio) stored at two different relative
humidities (30% and 70%) and sampled at three time points: 0 months, 6 months, and 12 months. (D) *H-NMR spectra of ALN-g-PLGA (1: 6 LN :
PLGA ratio) films stored at two different relative humidities (30%, and 70%) and sampled at three time points: 0 months, 6 months, and 12 months.
(F) *H-NMR spectra of SLN-g-PLGA (1: 6 LN : PLGA ratio) films stored at two different relative humidities (30%, and 70%) and sampled at three
time points: 0 months, 6 months, and 12 months. (E) *H-NMR spectra of SLN-g-PLGA (1: 4 LN : PLGA ratio) films stored at two different relative
humidities (30%, and 70%) and sampled at three time points: 0 months, 6 months, and 12 months.
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Glyceride groups were found at 4.2 ppm in all polymer
samples at the 6- and 12-month time points, but not at time
zero. Glyceride groups are present in PGA molecules,*® which
would demonstrate the degradation of PLGA into its constitu-
ents PGA and PLA. Peaks at 4.8 and 5.2 ppm which correspond
to (CH,) of PGA and (CH-CH3) of PLA, respectively, were found,
indicating a consistent presence of PLGA in the co-polymers
over time.” Similarly, Wang et al.”’ showed that PLGA with
different PLA: PGA ratios (12/88, and 6/94) degraded over 45
weeks and singlets found at 4.2 ppm corresponding to CH, were
related to the presence of glycolic acid. PLGA is a biodegradable
polyester and the non-enzymatic hydrolysis of the ester bonds
between PLA and PGA are indicators of its degradation.”® This
correlates with the observed increase in the peak sizes at 4.2
ppm over time seen in Fig. 1B-F. These results indicate that
even after the acylation reaction of LN with PLGA, PLGA was still
susceptible to hydrolytic degradation.

Thermal analysis

Thermogravimetric (TGA) analysis showed that unmodified
ALN and SLN had an ash content of 70.4 £+ 0.8 and 57.1 + 2.7%
respectively; meanwhile, PLGA showed an almost complete
degradation with only 0.8 & 0.3% ash at the same temperature
(600 °C). Using the known ash content of PLGA and LN, the
LN% of the films was calculated (Fig. 2). LN% of the LN-g-PLGA
films was 8.2 &+ 0.4 and 7.8 + 2% for the 1: 4 and 1: 6 LN : PLGA
w/w ratios, respectively; meanwhile, SLN-g-PLGA films showed
a lower LN% of 7.6 & 0.5 and 6.1 & 0.7% for the 1:4and 1: 6
LN : PLGA w/w ratios respectively.

Differential scanning calorimetry was performed on PLGA
and LN-g-PLGA films. Polymers were confirmed to have an
amorphous structure at room temperature, and the films had
a glass transition temperature (T,) between 38.5 °C and 50.1 °C,
with PLGA having the highest T, (Table 1). This corresponds to
similar T, reported for PLGA in the literature (45 °C).>* After 12
months, the T, of the polymers increased to values ranging

120% A
100% &
X
c 80%
S
7 60%
Q.
E 40%
(@)
0%
ALN PLGA
= Ash 70.4 57.1 0.8
m Bulk 24.4 37.3 96.1
®Water 5.3 5.6 3.1
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Table 1 Glass transition temperatures of PLGA and LN-g-PLGA
polymer films exposed to different relative humidities (30% and 70%) at
the time of synthesis and after 12 months. (N/A) = Heat flow curves
showed no glass transition shift

Glass transition temperature (°C)

Polymers oM 12M_30% 12M_70%
PLGA 50.1 N/A Degraded
ALN-g-PLGA_1:4 48.8 52.6 53.8
ALN-g-PLGA_1:6 47.9 51.3 53.5
SLN-g-PLGA_1:4 40.1 N/A N/A
SLN-g-PLGA_1:6 38.5 52.8 52.2

between 50 and 55 °C (Table 1). After storage, the polymers
showed smaller endothermic curves, especially at 30% RH. This
indicated that the polymers degraded over time and the amount
of energy necessary for transition was reduced. PLGA showed no
T, after 12 months at both RHs, similar to what was reported by
others.*

Mechanical analysis

The mechanical properties of the films were measured at
multiple time points (0, 1, 2, 3, 6, and 12 months) and reported
in terms of yield strain (%), yield tensile strength (MPa), and
Young's modulus (MPa). Two-way ANOVA analysis indicated
a decrease in yield strain over time for the ALN-g-PLGA 1:4 (P <
0.001), ALN-g-PLGA 1: 6 (P = 0.0141), and SLN-g-PLGA 1:6 (P =
0.0035) films, due to degradation. The yield strain of the SLN-g-
PLGA 1:4 film did not change significantly over time; never-
theless, the low P-value (P = 0.0606) for this comparison suggests
a trend that is consistent with observations for the other film
types. For nearly all films, the humidity did not impact the strain
of the films; the only exception was the SLN-g-PLGA 1: 6 films.
These films had a higher overall yield strain at 70% RH, similar
to PLGA, suggesting that the higher amount of PLGA led to
a higher ductility but also faster degradation. At time zero, PLGA

ALN_1:4 ALN_1:6 SLN_1:4 SLN_1:6
5.9 5.6 4.4 3.5
91.1 91.3 92.2 93.0
3.0 31 34 3.5

Fig.2 PLGA and LN-g-PLGA film composition as determined by thermogravimetric analysis. The results are reported as percent composition of
three components: ash, bulk, and water. For each film type, three samples were analysed (n = 3). Multiple comparison Tukey's test results:

different letters represent a significant difference (P < 0.05).
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Fig. 3 Yield strain of (A/S) LN : PLGA films over time stored at different relative humidities: (A) 30% and (B) 70%. (n = 3). Note: PLGA depoly-
merized fully after 12 months of storage, and hence no data are available for that time point.

films showed the highest ductility (8.9 + 4.1%), which decreased
to 2.1 £+ 0.2% after 12 months at 30% RH; after 12 months at
70% RH, PLGA films depolymerized completely (Fig. 3).

The yield strength of the films was affected by both the time
and type of polymer at both RHs, with PLGA showing the most
marked changes. At time zero, PLGA films had an initial
strength of 1.7 + 0.2 MPa, increasing to 18.7 £ 0.5 MPa after 12
months at 30% RH, and they depolymerized into a liquid state
after 12 months at 70% RH. LN stabilized the change in the
yield strength of the films over time at both RHs. At time zero,
ALN-g-PLGA films had a higher yield strength than SLN-g-PLGA
films (4.3 + 2.4 and 4.5 £+ 0.6 MPa for the ALN-g-PLGA 1: 4 and
1: 6 films, respectively; 1.6 = 0.1 and 2.9 =+ 0.2 MPa for the SLN-
g-PLGA 1:4 and 1: 6 films, respectively). After 12 months, films
increased in yield strength when stored at 30% RH (17.7 £ 0.4,
and 10.1 £ 7.2 MPa for the ALN-g-PLGA 1: 4 and 1: 6 films; and
13.2 + 4, and 4 £+ 1.9 MPa for the SLN-g-PLGA 1:4 and 1:6
films). Meanwhile at 70% RH films showed a yield strength of
3.9+ 0.9,10 + 1.1, 4.9 4+ 2.7, and 3.5 & 0.9 MPa for the ALN-g-
PLGA 1:4 and 1:6 films, and SLN-g-PLGA 1:4 and 1:6 films,
respectively (Fig. 4).

Storage time strongly affected the stiffness of the films (P <
0.0001) at both RHs. Young's modulus of the films generally
increased over time; larger changes were observed for films
stored at 30% RH. ALN-g-PLGA films showed the highest Young's
modulus at time zero: 250.4 + 60.4 MPa and 248.5 £+ 39.4 MPa
for the 1:4 and 1:6 LN : PLGA w/w ratios. After 12 months, the
Young's modulus of these films increased to 624.8 4= 194.3 and
640.3 + 194.3 MPa for the 1:4 and 1: 6 (w/w) ratios at 30% RH;

Stress (MPa)

Time (months)

and 149.6 £+ 16.8 and 389.9 £ 82.9 MPa for 1:4 and 1:6 LN:
PLGA ratios respectively at 70% showing the effects of humidity
on the stiffness of the films. SLN-g-PLGA films had an initial
Young's modulus of 37.9 + 7.6 and 132.6 £+ 31.5 MPa. At 30%
RH, the 1:4 w/w ratio films showed an increase to 617.6 + 56
MPa, and the 1:6 w/w ratio films to 264.7 + 67.3 MPa. At 70%
RH, Young's modulus of the SLN-g-PLGA films increased to 198
+ 65.6 and 242.3 + 84.9 MPa for the 1: 4, and 1: 6 w/w films after
12 months, respectively. PLGA showed the most changes in its
stiffness. PLGA films went from the lowest to the highest Young's
modulus when stored at 30% RH and depolymerized at 70% RH.
The initial stiffness of PLGA was 26.7 + 16.4 MPa, and after 12
months it increased to 1012.9 4 270.6 MPa at 30% RH (Fig. 5).

Results similar to ours have been observed in other studies
with different polymer films. Poly-lactic acid (PLA) films
synthesized with an addition of 3% LN showed a 15% increase
in yield strength.”® Pinecone LN changed the mechanical
properties of faba bean protein (FBP) films, increasing their
yield tensile strength from 4.9 & 0.2 MPa (neat FBP films) to 9.3
+ 0.3 MPa (FBP) with an addition of 10% LN.** Another study
showed that the addition of 6% of either alkaline LN or ligno-
sulfonate increased the yield tensile strength of soy-isolated
protein films by 114% and 63%, respectively.™

These results suggest that the addition of LN can reinforce
polymeric films; nevertheless it should be noted that PLGA
chemistry is different compared to FBP or PLA, and that LN is
covalently attached to PLGA in our study.

Crosslinking as well as possible polar-polar interactions
between the LN and the PLGA polymers** can also explain the

e PLGA

= ALN_1:4
-&- ALN_1:6
¥ SLN_1:4
-¢- SLN_1:6

Time (months)

Fig. 4 Stress values at yield (yield strength) of (A/S) LN : PLGA films over time stored at different relative humidities: (A) 30% and (B) 70%. (n = 3).
Note: PLGA depolymerized fully after 12 months of storage, and hence no data are available for that time point.
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different relative humidities: (A) 30% and (B) 70%. (n = 3). Note: PLGA

depolymerized fully after 12 months of storage, and hence no data are available for that time point.

decrease in the ductility of the films. The greater stiffness and
yield tensile strength observed for ALN-g-PLGA films compared
to SLN-g-PLGA could also be explained by differences in cross-
linking of the polymers. SLN has a higher amount of -SO;,°
which could result in fewer polar interactions and consequently
weaker intermolecular interactions with PLGA.

Our results also show that humidity plays an important role
in the mechanical integrity of the films. When stored at 70%
RH, the ductility of PLGA films decreased over time, while their
yield strength and Young's modulus increased, and the films
eventually depolymerized into the liquid form by 12 months.
LN-grafted films, however, maintained a similar ductility at
both RHs and only increased in yield strength at 30% RH. The
increase in the yield strength would suggest that at low RH,
films became more rigid, which correlates with the observed
increase in Young's modulus over time. Overall, these results
showed that LN stabilizes the mechanical properties of the films
over a longer period, extending the life expectancy of the PLGA
films.

Atomic force microscopy

AFM measurements of the films' surfaces showed that the sides
facing the organic solvent had surface characteristics that were
different from those of the side in contact with water, with the
organic side generally being smoother than the aqueous side.
Two-way ANOVA statistical analysis confirmed that at time zero,
the roughness did not vary significantly across polymer types (P
= 0.3186). However, films were significantly different between
the organic and water sides (P = 0.0003). At time zero, the
aqueous side of the PLGA films had a roughness of 51.7 4+ 29.2
nm, compared to 3.8 = 1.6 nm for the organic face. Compara-
tively, the aqueous face of the ALN-g-PLGA films was much
rougher, with a roughness of 276.7 + 126.7 and 238.7 £ 6.1 nm
for the 1:4 and 1:6 w/w ratios, than the organic side with
aroughness of 19.7 + 5.6 nm and 14.4 + 4.2 nm. Similarly, SLN-
g-PLGA films presented a roughness of the aqueous face of 340.4
+ 81.1 and 202.9 4+ 103.6 nm for the 1:4 and 1:6 w/w ratios,
while the organic side had a roughness of 20.7 4+ 10.5 and 106.4
+ 65.7 nm at time zero. During the interphase formation
process, the polymer was positioned between an organic phase
(ethyl acetate) and an aqueous phase (water). Due to its lower
density and boiling point, ethyl acetate evaporated, leaving

© 2025 The Author(s). Published by the Royal Society of Chemistry

a smoother surface facing upwards. Meanwhile, more lignin
will face the aqueous phase, positioned below, resulting in
a rough texture on the water-facing side. These results were also
observed in a previous study published by our group.® In
summary, our results indicate that the interphase formation
process implemented for film synthesis differentially affected
the two sides of the film, resulting in the aqueous side being
rougher than the organic side (Fig. 6).

For all films, the roughness of the aqueous side did not
change after 12 months of storage, except for the PLGA films
which depolymerized after 12 months at 70% RH. Similarly,
roughness of the organic side did not change over time for most
films; the only exceptions were the PLGA at 30% RH and ALN-g-
PLGA 1:4 films at 70% RH, whose roughness increased over
time (PLGA increased from 3.7 &+ 1.6 to 77.1 &+ 26.8 nm at 30%
RH; ALN-g-PLGA 1:4 LN:PLGA increased from 19.7 + 5.6 to
137.6 + 52.8 nm at 70% RH).

Contact angle

Surfaces can be characterized as hydrophilic when their contact
angle is below 90°.>* Two-way ANOVA analysis showed that on
average the aqueous side of films was more hydrophilic than the
organic side (P < 0.0001). In addition, we found that hydro-
phobicity varied significantly across polymers on both sides (P
= 0.0037). The contact angle of the organic side of films did not
differ between LN types or LN : PLGA ratios at time zero. The
organic sides of PLGA films showed a contact angle of 79 + 3°;
meanwhile, ALN-g-PLGA 1: 4 and 1 : 6 w/w films showed contact
angles of 71 £ 21° and 78 + 3° respectively, and SLN-g-PLGA
films had contact angles of 68 = 2°and 75 £ 6°for1:4and 1: 6
w/w respectively. The contact angle of the aqueous side differed
significantly between polymers (Table 2). The aqueous side of
PLGA films showed a contact angle of 73 & 6°; meanwhile, ALN-
g-PLGA 1:4 and 1:6 w/w films showed contact angles of 27 +
12° and 29 + 5° respectively, and SLN-g-PLGA films had contact
angles of 17 + 4° and 57 4 23° for 1 : 4 and 1 : 6 w/w respectively
(Fig. 7C and D). PLGA's aqueous side had the highest contact
angle among the polymers, and it was similar to that of its
organic side (73 £ 6°). The aqueous sides of ALN-g-PLGA 1:4
and 1 : 6 films were significantly more hydrophilic, with contact
angles of 27 £+ 12° and 28 + 6° respectively. SLN-g-PLGA 1:4
films showed the lowest contact angle (17 + 4°) but were not
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those samples were not analyzed at 12 months.

Table 2 Tukey's test for the contact angle of LN-g-PLGA polymer films at time zero

Polymer Contact angle (organic) Tukey's test Contact angle (aqueous) Tukey's test
PLGA 78.7 + 2.8 A 73 £6.2 A
ALN-g-PLGA_1:4 71 £21.4 A 27.2 £12.4 B
ALN-g-PLGA_1:6 784 £ 3.4 A 27.8+5.5 B
SLN-g-PLGA_1:4 67.8 + 1.8 A 171 + 4.4 BC
SLN-g-PLGA_1:6 751+ 6.4 A 57.3 +£23.7 AB

significantly different from the ALN-g-PLGA films. Meanwhile,
SLN-g-PLGA 1:6 films had a higher contact angle (57 £ 24°)
(Table 2) (Fig. 7A and B).

Humidity did not have a significant effect on the contact
angle of the organic side of the films over time, except for the
control PLGA films which depolymerized at 70% humidity. For
the aqueous side of the films, neither the 1:4 nor 1:6 ALN-g-
PLGA showed significant differences over time at either RH
(Fig. 7A and B). SLN-g-PLGA films with a 1:4 LN:PLGA w/w
ratio were the only type along with PLGA to show differences
after 12 months. These films had an initial contact angle of 17 +
4° at time zero. After 12 months, the contact angle increased to
71 £ 3° at 30% RH, and 67 + 12° at 70% RH (Fig. 7A and B). On
the other hand, neither did the hydrophobicity of SLN-g-PLGA
1:6 change over time, nor was there a difference between the
aqueous and organic sides at either RH.

All films overall had a contact angle below 90°. LN-contain-
ing films had a lower contact angle and were thus more
hydrophilic than the PLGA films. It is expected that roughness
enhances the intrinsic properties of the films; in the case of

806 | Sustainable Food Technol., 2025, 3, 799-810

hydrophilic surfaces, a higher roughness would reduce the
contact angle.** We observed a correlation between the rough-
ness of films and their contact angle. This can be observed with
the roughness and contact angle of SLN-g-PLGA 1 : 4 w/w films
(340.4 £+ 81.1 nm/17 + 4°) which showed a decrease in the
roughness in addition to an increase in the contact angle after
12 months at both 30% and 70% RH (220 + 129.5 nm/61 £ 7°
and 129.4 £ 186.7 nm/64 =+ 11°). This suggests that the changes
in hydrophilicity observed for the SLN-g-PLGA 1:4 films are
caused by changes in the roughness of the films over the 12-
month period. This phenomenon can also be observed between
the aqueous and organic sides of the films and between poly-
mers. ALN-g-PLGA films had lower contact angles compared
with SLN-g-PLGA films, and they were also rougher. The
differences in temporal changes in the roughness of the films
between SLN-g-PLGA and ALN-g-PLGA films could also be
explained by the differences in the stiffness of the films.
Roughness can be correlated with Young's modulus due to
frictional responses.®® This can also be a factor in the changes
we observed, as SLN-g-PLGA films also showed lower Young's

© 2025 The Author(s). Published by the Royal Society of Chemistry
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organic face, 30%; and (D) organic face, 70%. (n = 3). Multiple comparison Tukey's test results: ns = (P > 0.05), ** = (P < 0.005), and *** = (P <
0.0005). Note: PLGA depolymerized after 12 months of storage, and hence no data were collected for that time point.

modulus than ALN-g-PLGA films and would thus be more
susceptible to changes in roughness due to friction over time.

UV absorption

Ultraviolet radiation can be a determining factor in the degra-
dation of products, so UV absorption can be a desirable prop-
erty of plastic films.

Both PLGA and PCL are susceptible to photodegradation by
UV light. Irradiation of PLGA with UV light has been shown to

cause chemical bond dissociation leading to a decrease in
molecular weight and faster hydrolytic degradation.*® UV irra-
diation of PCL increases the degree of crystallinity leading to
a reduction in the ductility of the polymer and bulk erosion.*”
Therefore, an increase in the UV absorption caused by the
presence of LN can be advantageous to the shelf life of the
materials. All grafted films had a thickness between 60 and 120
um and absorbed over 50% of both UV-AB and UV-C light at
time 0 (Fig. 8). ALN-g-PLGA films showed the highest UV-A/B/C
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Fig. 8 UV absorbance/blockage for UV-A/B and UV-C light by LN:PLGA films stored at two different relative humidities (30 and 70%);
measurements were conducted at time zero and after 12 months. (A) UV-A/B light on films at 30% RH, (B) UV-A/B light on films at 70% RH, (C)
UV-C light on films at 30% RH, and (D) UV-C light on films at 70% RH. (n = 3). Multiple paired “t" test results: ns = (P > 0.05), **** = (P < 0.00005).
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Table 3 Tukey's test for UV-A/B and UV-C absorption for LN-g-PLGA polymer films at time zero

Tukey's test

UV-C absorption (%) Tukey's test

Polymer UV-A/B absorption (%)

ALN-g-PLGA_1:4 100 £ 0 A
ALN-g-PLGA_1:6 100 £ 0 A
SLN-g-PLGA_1:4 94 +1 B
SLN-g-PLGA_1:6 84+ 0 C
PLGA 67 £1 D

absorption (98 + 0.0% for UV-A/B/C) which showed no mean-
ingful change after 12 months of storage at both RHs. UV
absorbance for SLN-g-PLGA 1:4 w/w (94 + 1 and 87 £ 5% for
UV-A/B and UV-C) was higher than that for SLN-g-PLGA 1: 6 w/w
(84 =+ 0 and 79 + 0% for UV-A/B and UV-C). Nevertheless,
neither showed a decrease in absorbance over time at either RH
(Fig. 8).

PLGA films were translucid and had the lowest UV absor-
bance among all the polymer types (67 £+ 1%, and 69 + 2% for
UV-A/B and UV-C). PLGA films showed a very significant
decrease (P < 0.0001) in their UV-A/B absorption (27 £+ 3 and 18
=+ 4% at 30 and 70% RH respectively) after 12 months, as well as
UV-C absorption (P < 0.0001) (21 &+ 5 and 16 + 5% at 30 and 70%
RH) after 12 months of storage (Fig. 8). This is caused by the
decomposition of the PLGA polymer as UV degradation can
cause the fracture of organic bond chains reducing the number
of chromogenic groups in the films.*® Similar results have been
observed in PLA films after accelerated weathering with
a reduction of approximately 10% after 240 hours of
weathering.*

In contrast, LN films were opaque, and our results showed
that the addition of LN increased the UV absorbance of PLGA
films. LN had different UV absorptions depending on the type,
and both were higher than that of PLGA. This suggests that LN
was able to increase the UV protection with the same efficacy
even in the ratio with the lowest LN content (1 : 6) (Table 3).

Due to the chemical structure of LN, it provides UV protec-
tion to the films. LN possesses chromophores, ketones, and
phenolic units, which are functional groups that can absorb UV
radiation.” Equivalent results have been observed in maleic
anhydride (MAH)-g-LN films. A UV absorbance of 100% was
obtained with 1:1 LN:MAH ratio polymer films with a thick-
ness of 20 pm.** LN nanoparticles have also been mixed into
polylactic acid (PLA) films increasing the UV absorbance from
10% to 30% with the addition of 1% LN nanoparticles.*®

Nevertheless, the addition of LN was shown to decrease the
transparency of the films. Photodegradation is a cause of ageing
and deterioration of polymers and LN can be used as
a sustainable alternative for UV shielding. Even though LN
addition decreases transparency, it can be an addition for UV
protection in opaque materials.

Conclusions

After 12 months, DSC analysis showed that LN-g-PLGA films
stored at 70% RH showed a reduction in the enthalpy required

808 | Sustainable Food Technol.,, 2025, 3, 799-810

98 £ 0 A
98+ 0 A
87 £5 B
79+ 0 B
69 + 2 C

for glass transition suggesting increased degradation with
humidity. The mechanical characteristics of the films were
affected by both the polymer type used and the storage time.
After being stored, films showed an increase in the yield strength
and Young's modulus, but showed a decrease in the yield strain,
particularly at 30% RH. LN-g-PLGA films also demonstrated
better mechanical stability at higher RHs, as PLGA films depo-
lymerized after 12 months when stored at 70% RH. Films
showed two distinct sides, organic and aqueous. These sides
showed different roughness and contact angle characteristics.
The organic sides exhibited a lower roughness as well as higher
contact angles, and the aqueous sides showed a higher rough-
ness coefficient and lower contact angles. All films overall had
a contact angle below 90°. LN-g-PLGA films showed a lower
contact angle compared to PLGA films. The roughness and
contact angle of the films showed no changes after storage at
both RHs. UV absorbance was significantly higher for LN-g-PLGA
films (>80%) compared to PLGA (67%), showing that LN addi-
tion considerably increases the shielding of UV-A/B and UV-C
light. Contrary to PLGA which decreased its UV-blocking capa-
bility from 68.7 to 20.5%, LN-g-PLGA was able to retain its UV-
blocking capability after 12 months at both RHs. The UV
blocking properties of the films are promising for packaging
applications as they can help reduce photodegradation of
perishable products. Suitability of LN-g-PLGA films for long term
storage under a wide range of conditions was demonstrated by
their ability to maintain their chemical and mechanical prop-
erties over time, indicating that they are a good alternative for
biodegradable, multifunctional packaging materials.

Future work

Further research on different casting techniques such as solvent
casting and compression molding may improve uniformity,
mechanical strength and scalability. Barrier properties
including oxygen and water permeability can provide more
information for packaging applications. Additionally exploring
electrospinning techniques could enable applications for
biomedical and controlled release systems. These studies will
advance the development of different applications for lignin-
based films.

Data availability

Data for this article, including figures and tables are available at
the Science Data Bank at https://www.scidb.cn/en/s/FvUvED.
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