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Abstract 
This study examined PLA biocomposite films made from organosolv lignin extracted from Thai 

agro-waste, specifically sugarcane bagasse (BG), to assess their suitability for food packaging, focusing 
on their physical, thermal, optical, UV-shielding, antioxidant, and migration properties. Extracted 
BG-lignin exhibited free radical scavenging ability with an EC50 value of 400 µg∙mL‒1, reducing 
DPPH absorbance by 50%. PLA composite films with BG-lignin dosage from 0.1 to 1.0 wt% were 
successfully fabricated via conventional blown film extrusion. Addition of BG-lignin at 0.5 wt% and 
1.0 wt% to PLA films decreased UV transmittance from 90% to 30% and 12%, respectively, without 
compromising optical clarity. Moreover, DPPH scavenging activity of all composite films with different 
BG-lignin contents (0.1 wt% to 1.0 wt%) reached 50% within 24 h, while overall migration values and 
cytotoxicity level are below the permissible limit. This study demonstrates the potential application 
of PLA/BG-lignin composite films for single-used ketchup sachets. These films effectively reduce 
ketchup color change under UV light exposure. 

1. Introduction

The annual plastic food packaging of 170 million tons constitutes
the largest end-user market, representing nearly 40% of the global 
demand for synthetic plastics [1,2]. However, mismanagement of the 
single-used plastic packaging contributes significantly to environmental 
degradation, adversely impacting ecosystems, marine life, and human 
health. Urgent action is required to address this issue by transitioning 
alternative biodegradable and eco-friendly packaging materials. 

Bio-based and biodegradable plastics have emerged as promising 
alternatives for single-used food packaging applications. An example 
of such a material is poly (lactic acid) (PLA), a polyester commercially 
produced from renewable plant sources. PLA has good melt viscosity 
and can be fabricated through conventional blown film melt-extrusion 
processes [3]. PLA film has high transparency, with mechanical 
properties suitable for film packaging applications. However, PLA 
is not suitable for UV-sensitive products as it has poor UV light 
absorption [4]. To improve UV protection without sacrificing eco-
friendliness, a range of natural fillers such as cellulose [5,6], starch [7] 
and lignin [8,9] have been incorporated into the PLA matrix. However, 
using cellulose and starch damage film transparency. In addition to 
transparency, cellulose and starch also present challenges related to 
poor thermal stability and difficult dispersion in polymer matrices, 

which often complicate film processability [10]. In contrast, lignin 
offers better UV-shielding and thermal resistance while maintaining 
acceptable film transparency at low loading levels [11,12].  

Lignin is particularly intriguing due to its abundant availability 
and aromatic structure. Phenolics, unconjugated carbonyl, methoxyl 
and other chromophore groups in lignin can absorb UV light in the 
range 250 nm to 400 nm [13-15]. The chemical compositions and 
functional groups present in lignin are influenced by various factors, 
including the botanical source, environmental conditions during growth, 
and methods of extraction [16-18]. Lignin is comprised of three main 
monomeric units: p-coumaryl, coniferyl, and sinapyl alcohols. These 
mono-lignols play a role in the creation of lignin units, which are 
referred to as p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) 
units, respectively. Softwood is predominantly composed of G units, 
while hardwood comprises both S and G units with traces of H units. 
Herbaceous types, such as sugarcane bagasse, corncob, and wheat 
straw, consist of all three mono-lignols (H, G, and S) [19].  

Sugarcane bagasse is a by-product of the sugar industry and can be 
used to produce second-generation (2G) bio-ethanol [20]. In Thailand, 
approximately 100 million tons of sugarcane are used annually by the 
sugar industry [21]. Bagasse is generated as a by-product after sugar 
manufacturing and accounts for approximately 28% of the sugarcane. 
Dried bagasse is composed of approximately 40% to 45% cellulose, 



  WIJARANAKUL, P., et al. 

J. Met. Mater. Miner. 35(3). 2025    

2 

30% to 35% hemicellulose, and 20% to 30% lignin [21]. Therefore, 
7 × 109 kg to 8 × 109  kg of lignin are available each year in Thailand. 
Industrial lignin extraction methods include sulfur and sulfur-free 
processes. Organosolv techniques, using solvents like ethanol, offer 
higher purity and lower ash content compared to other methods due to 
their safety, simplicity, and cost-effectiveness [22].  

Various lignin types have been employed as multifunctional 
additives in PLA to enhance antimicrobial, antioxidant, and UV-barrier 
properties [8,9,23-26]. Kraft lignins, both pristine and chemically 
modified, improved UV-barrier properties of PLA films [25]. Corncob 
lignin addition enhanced antioxidation ability and UV-barrier properties 
of PLA [8]. Soda lignin, after fractionation and grafting with l-lactide, 
significantly improved UV-barrier properties compared to lignin-g-
PLA composites [23]. Moreover, PLA/lignin composites at a lignin 
content of 40 wt% have been studied for active functions and monitored 
for overall migration, crucial for food packaging. Attained films 
containing softwood kraft lignin and esterified softwood lignin 
demonstrated migration values below the European standard limit 
(60 mg∙kg‒1) [8]. 

To the best of our knowledge, there is no existing literature discussing 
the physicochemical properties relevant to food packaging applications 
of organosolv lignin obtained from sugarcane bagasse. This study 
investigates the physicochemical properties of BG-lignin, including 
chemical composition, thermal behavior, and free radical scavenging. 
Additionally, essential properties of PLA/BG-lignin composite films, 
such as color, thermal stability, and tensile strength, were evaluated. 
Active functions for food packaging applications, including UV-barrier, 
antioxidation, overall migration and cytotoxicity were also examined. 
Furthermore, this research demonstrates the potential application 
of the produced PLA/BG-lignin composite films for preventing 
photooxidation in ketchup sachets. 

 
2.  Experimental 

 
2.1  Materials 

 
BG-lignin was generously provided by the Biorefinery and 

Biological Technology Research Group at the National Center for 
Genetic Engineering and Biotechnology (BIOTEC). The PLA grade 
4043D was supplied by NatureWorks LLC, with a number-average 
molecular weight (Mn) of 160,000 g∙mol‒1, D content at 4%, and a melt 
flow rate of 6.0 g∙10 min‒1 at 210℃. 2,2-Diphenyl-1-picrylhydrazyl 
(DPPH), butylated hydroxytoluene (BHT), and dimethyl sulfoxide 
(DMSO) were procured from Sigma Aldrich. Ketchup sample is 
manufactured by Roza (Hi-Q Food products company, Thailand). 
 
2.1.2 Characterizations of BG-lignin  
 
2.1.2.1 Scanning Electron Microscopy (SEM) 

 
The size and shape of bagasse-derived lignin (BG-lignin) particles 

were analyzed using a field-emission scanning electron microscope 
(FE-SEM, Hitachi SU5000, Japan). The lignin powder was first placed 
onto a standard SEM stub, dried at 40℃ for 12 h to remove moisture, 
and coated with a thin layer of platinum using a Quorum Q150RS 

sputter coater (UK) at 15 mA for 60 s to enhance conductivity and 
image resolution.  

 
2.1.2.2 Gel Permeation Chromatography (GPC) 

 
The gel permeation chromatography (GPC) analysis of BG-lignin 

involved the use of a Waters e2695 separation module in the USA to 
determine both its molecular weight and molecular weight distribution. 
For this analysis, a 10 mg sample of extracted BG-lignin was dissolved 
in 3 mL of tetrahydrofuran (THF) and stirred at room temperature 
(approximately 32℃) for 12 h to achieve a homogeneous solution. 
The solution was filtered using nylon 66 membrane (pore size 0.2 mm) 
and 100 mL of the filtered solution was injected into the GPC column 
with flow rate of 1.0 mL∙min‒1 at 35℃. A series of narrow polystyrene 
standards were used for this calibration.  

 
2.1.2.3 Fourier Transform Infrared Spectroscopy (FTIR) 

 
Fourier transform infrared spectroscopy (FTIR) was conducted for 

qualitative characterization of chemical groups and key monolignols 
in BG-lignin using the transmission mode of a Thermo Scientific 
Nicolet 870 Spectrometer, USA. Pre-dried BG-lignin, weighing 1.5 mg, 
was blended with 200 mg of potassium bromide and subsequently 
compressed into a 13.0 mm disk. FTIR spectra were obtained by 
averaging 100 scans at a resolution of 4 cm‒1 over the wavenumber 
range of 4000 cm‒1 to 600 cm‒1. 

 
2.1.2.4  31P Nuclear Magnetic Resonance (31P NMR) 

 
Phosphorus-31 nuclear magnetic resonance spectroscopy (31P 

NMR) was performed using an AV-500 Bruker Biospin instrument 
located in the United States to assess both the qualitative and quantitative 
chemical compositions of BG-lignin. The lignin solution preparation 
method adhered to the procedures outlined in a previously published 
Nature article [27]. Solvent A was a blend of anhydrous pyridine and 
CDCI3 in a ratio of 1.6:1 (v/v). An internal standard was created by 
combining 5.0 mg of chromium (III) acetylacetonate and 18.0 mg of 
N-hydroxy-5-norbornene-2,3-dicarboximide (NHND) with 1.0 mL 
of solvent A. Pre-dried lignin (30 mg), 0.1 mL of the internal standard, 
and 0.5 mL of solvent mixture A were mixed and stirred overnight to 
ensure complete dissolution of the lignin particles. Subsequently, 0.1 mL 
of the phosphitylation reagent TMDP (2-chloro-4,4,5,5-tetramethyl-
1,3,2-dioxaphospholane) was added and stirred for 30 s, facilitating 
the transfer of the phosphitylated lignin solution into the NMR tube 
for subsequent analysis using Bruker Topspin software. The analysis 
was conducted at 295 K with a frequency of 500 MHz, 256 scans, and 
a relaxation delay time of 5 s. 

 
2.1.2.5 Differential Scanning Calorimetry (DSC) 

 
Glass transition temperature (Tg) of BG-lignin was measured 

by differential scanning calorimetry (DSC) (DSC-1, Mettler Toledo, 
Switzerland). Approximately 8 mg of BG-lignin was placed in a 40 mL 
aluminum pan. The specimen was heated from 40℃ to 105℃ and kept 
isothermal for 5 min for moisture removal. Then, it was gradually cooled 
to 40℃ and reheated again to 200℃ with a heating rate of 10℃∙min‒1.
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2.1.2.6 DPPH antioxidant activity 
 
Free radical scavenging activity of BG-lignin was determined 

using 2,2-diphenly-1-picrylhydrazyl (DPPH), with measurements 
carried out following the protocol proposed by Araújo et al. 2022 
[28]. Briefly, 0.5 mM of DPPH in ethanol was prepared as the stock 
solution. BG-lignin was dissolved in dimethyl sulfoxide (DMSO) at 
different concentrations within the range of 100 µg∙mL‒1 to 1000 
µg∙mL‒1. Aliquots of 0.5 mL of lignin solutions were added to 3 mL 
of DPPH stock solution. The attained solutions were incubated for 
30 min at room temperature under the absence of light before loading 
into a quartz cuvette (1 cm pathlength). Absorbances were determined 
using a Perkin Elmer Lambda model 950, USA and ethanol was used 
as the equipment blank. The absorbance at 517 nm was assigned to the 
characteristic of DPPH. The DPPH scavenging activity was determined 
by the following Equation (1) [29]. 
 

DPPH scavenging activity (%) = ADPPH − Asample

ADPPH
 × 100 (1) 

 
where ADPPH is the absorbance of the DPPH stock solution and 

Asample is the absorbance of the BG-lignin. The effective concentration 
at which 50% DPPH (EC50) of BG-lignin was reported was compared 
to butylated hydroxytoluene (BHT) as a standard antioxidant.  
 
2.2  Fabrication of PLA composite films containing BG-lignin 
 

Figure 1 shows a schematic illustration of the fabrication process 
used to produce PLA/BG-lignin composite films. PLA pellets were 
blended with 2 wt% of BG-lignin powder and introduced into a single-
screw extruder (Thermo-Haake Rheomix OS, Germany) fitted with a 
rod die (3 mm die diameter). The extruder barrel temperature was set at 
170℃, 180℃, and 185℃, while the die temperature was maintained at 
180℃. The screw rotation speed remained constant at 60 rpm throughout 
the process. The resulting extrudates of BG-lignin/PLA were passed 
through a water bath and then cut into 3 mm pellets. After that, immaculate 
PLA was added to these pellets in order to get the appropriate BG-
lignin loading contents (0.1 wt%, 0.2 wt%, 0.5 wt%, and 1 wt%). The 
same single-screw extruder, fitted with a blown film die (34 mm inner 
die diameter and 1 mm die gap), was used to produce BG-lignin/PLA 
composite films. The film had a flat surface and a thickness of 13 cm 
and 35 µm, respectively, when the screw speed was kept at 60 rpm. 
 

2.2.1 Characterizations of PLA/BG-lignin composite films  
 

2.2.1.1 Color measurement 
 
The surface color of neat PLA and PLA/BG-lignin composite films 

was evaluated using a Datacolor 650 spectrophotometer (Pakistan), 
operating under the CIELAB color space system. Three chromatic 
coordinates L* (lightness), a* (green to red), and b* (blue to yellow) 
were recorded from three independent measurements for each sample. 
The average values were used for analysis.  

 
2.2.1.2 Mechanical properties 

 
In compliance with ASTM D882 guidelines, an Instron 4502 series 

universal testing equipment was used to assess the composite films' 
tensile strength, Young's modulus, and elongation at break. Film 
specimens were conducted with gauge length and width of 50 mm and 
15 mm, respectively. Crosshead speed was constant at 500 mm∙min‒1. 
At least ten samples were taken and reported as averaged values, 
including the standard deviation (SD) number. The data underwent 
analysis through one-way analysis of variance (ANOVA) using Minitab 
®19.2020.1 (64-bit) software by Minitab Inc., USA. Subsequently, 
comparisons were made utilizing Duncan's multiple range test, with 
significance set at a p-value of 0.05 (95% confidence interval). 

 
2.2.1.3 Morphological analysis (SEM) 

 
The morphology of PLA and PLA/BG-lignin composite films 

was investigated using scanning electron microscopy (SEM). Film 
specimens were first conditioned at room temperature and then cryo-
fractured by immersing them in liquid nitrogen to create a clean and 
brittle fracture surface. This method was applied to obtain cross-sectional 
views along the machine direction, ensuring minimal deformation 
during fracturing. Following cryo-fracturing, the fractured surfaces 
were mounted onto SEM stubs using carbon adhesive tape. To prevent 
charging during imaging and to enhance surface conductivity, all 
samples were sputter-coated with a thin platinum layer (15 mA, 60 s) 
using a Quorum Q150RS sputter coater (Quorum Technologies, UK). 
The coated samples were then observed under a Hitachi SU5000 field-
emission scanning electron microscope (FE-SEM, Japan) at an accelerating 
voltage appropriate for polymer composites 

 

 

Figure 1. Schematic illustration of the fabrication process used to produce PLA/BG-lignin composite films.
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2.2.1.4 UV-Visible Spectroscopy and Transparency 
 
UV and visible light transmittance of all prepared films were 

measured using a UV-visible spectrometer (Perkin Elmer Lambda 950, 
USA) with a scanning range of 200 nm to 800 nm. Film transparency 
was measured using the method described by Cazón et al. and 
Terzioğlu et al. [30,31]. The following formula Equation (2), where 
x is the film thickness (mm) and %T600 is the transmission at 600 nm 
wavelength, was used to determine the transparency of the films. 

 

Transparency = log (%T600)
x

  (2) 

 
2.2.1.5 Antioxidant activity (DPPH Assay) 

 
Antioxidant capacity of both neat PLA and its BG-lignin composite 

films was determined using the DPPH free radical scavenging method. 
The measurements were performed in accordance with the guidelines 
put forward by Valencia et al. and Crouvisier-Urion et al. [32,33]. 
DPPH solution at a concentration of 50 mg∙L‒1 was prepared and kept 
in darkness. Then, 100 mg of the film was immersed in 10 ml DPPH 
solution contained in a UV-shielded sample vial. The mixture was 
stirred and kept at room temperature in darkness for 1 h, 5 h, 10 h, 
20 h, and 24 h. The same ultraviolet-visible (UV-vis) spectrophotometer 
that was described in the section on the characterization of BG-lignin 
was used to measure the absorbance of DPPH at 517 nm. The DPPH 
scavenging activity was measured following Equation (1).  

 
2.2.1.6 Overall migration testing 

 
Overall migration tests of BG-lignin/PLA biocomposite films 

were conducted in accordance with Commission Regulation EU No 
10/2011 and compared to neat PLA film. Rectangular strips of film 
samples with a total area of 10 cm2 were prepared and fully submerged 
in sealed sample vials containing 10 mL of various simulants: simulant 
A (10%v/v ethanol) for aqueous food conditions, simulant B (3%w/v 
acetic acid) for acidic foods, simulant C (20%v/v ethanol) for alcoholic 
foods, simulant D1 (50%v/v ethanol) for milk products, and simulant 
D2 (N-heptane) for fatty food conditions. The samples were incubated 
in an oven at 40℃ for 10 days, after which they were extracted, and 
the food simulants were dried at 105℃. The residue was weighed using 
a high-precision analytical balance (BOECO BAS 31 Plus, Germany) 
with ± 0.1 mg precision. Three replicates of each film were tested, and 
the average overall migration in mg∙kg‒1 was calculated and recorded. 
The absorbance of the corrected food simulant was analyzed by 
UV-vis spectrometry to confirm the presence of migrated lignin [34].  

 
2.2.1.7 Cytotoxicity assessment 

 
The effect of PLA/BG-lignin composite films on cell viability and 

cellular morphology was evaluated in accordance with ISO 10993-5. 
The films were subjected to in vitro cytotoxicity assessments, MTT 
cytotoxicity assay, using a conventional fibroblast cell culture (L929, 
Mouse Fibroblast Cells, ATCC CCL1, NCTC 929 of Strain L). The 
film samples were sterilized by UV irradiation for 15 min on each side. 
Thermanox coverslips and polyurethane film with 0.1% zinc diethyl-

dithiocarbamate (ZDEC) were used as negative and positive control, 
respectively. The film’s surface area-to-volume extraction ratio was 
maintained at 6 cm2∙mL‒1 and a contact temperature of 37℃ for a 
duration of 24 h. A microplate reader was used to detect absorbance 
at 570 nm. Percent of viability displayed in calculation form Equation (3), 
where OD570e is the mean value of the measured optical density of 
the 100% extracts of the test sample and OD570b is the mean value 
of the measured optical density of the 100% extracts of the blank. 
 

 % Viability = 100 × OD570e

OD570b
  (3) 

 
2.2.1.8 UV-Stability and color retention of packaged product 

 
20 g of tomato ketchup were stored in consistent square-shaped 

neat PLA film and PLA/BG-lignin at 1.0 wt% film. These film 
packages were then positioned inside a UV chamber (ATLAS Suntest 
XLS+, USA) equipped with UV lamps emitting an irradiance of 50 
W∙m‒1 within the wavelength range of 300 nm to 340 nm range. The 
UV chamber was kept in a controlled environment at 33℃ for 72 h. 
The color change of the UV-exposed ketchup was measured every 
12 h using a color spectrophotometer (Datacolor 650, Pakistan). 
Delta E (or ∆E), the color difference, was calculated in the change 
a CIE- L*, a* and b* system using the following Equation (4). 
 

 ∆E =��Li
* − L0

*�
2
+�ai

* − a0
*�2

+�bi
* − b0

*�
2
 (4) 

 
In the provided equation, L0

*,  a0
*,  b0

* represent the CIE L*, a*, and 
b* values of the ketchup before UV irradiation, while  Li

*,  ai
*,  bi

* 
represents the CIE L*, a*, and b* values of the UV-exposed ketchup 
at the sampling interval times.  

 
3. Results and discussion  

 
3.1 Characterizations of BG-lignin 

 
Figure 2 shows SEM images of BG-lignin. At low magnification 

of 2000X (Figure 2(a)), BG-lignin presented as an accumulation of 
an innumerable amount of small particles, while irregular shapes and 
heterogeneity in particles size observed clearly at high magnification 
(Figure 2(b)).  Quantitative particle size analysis revealed a broad size 
distribution ranging from 0.2 µm to 5 µm, supporting the visual 
observation of heterogeneity. The lignin particles were attached to 
each other due to self-agglomeration during the precipitation process. 
Similar morphological features and particle agglomeration behavior 
have been reported in previous studies, where lignin heterogeneity 
was attributed to broad molecular weight distributions and the lack 
of controlled fractionation during recovery processes [35]. 

The GPC technique, using THF as the eluent and polystyrene 
standard, determined the molecular weight of BG-lignin. The result 
revealed a broad normal distribution ranging from 300 g∙mol‒1 to 
20,000 g∙mol‒1 (Figure S1), with an average Mw of 1638 g∙mol‒1 and 
a polydispersity index of 1.62, consistent with literature findings 
[22,36,37].
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Figure 2. SEM micrographs of BG-lignin particles at (a) low (2000X) and (b) high (20000X) magnification. 
 

 

Figure 3. (a) 31P-NMR spectra of BG-lignin with key signal assignments and (b) enlarged view at C5-substituted hydroxyl. 
 
Table 1. Quantification of hydroxyl and carboxyl groups in BG-lignin via 31P NMR. 
 
Sample Aliphatic‒OH  Phenolic‒OH [mmol∙g‒1] COOH 
 [mmol∙g‒1] C5-substituted Guaiacyl Syringyl p-hydroxyphenyl [mmol∙g‒1] 
BG-lignin 1.43 1.06 0.60 0.38 0.95 0.45 
 

The FTIR spectra of BG-lignin are displayed in Figure S2, with 
key functional groups assigned based on reported literature. Band 
assignments are summarized in Table S1. Figure S2(a) illustrates O‒H 
stretching vibrations (3407 cm‒1 to 3296 cm‒1), C‒H stretching in 
CH2 (2937 cm‒1 to 2924 cm‒1) and CH3 (2855 cm‒1 to 2838 cm‒1), and 
C=O stretching (1695 cm‒1 to 1712 cm‒1). The expanded fingerprint 
range (1800 cm‒1 to 400 cm‒1) in Figure S2(b) reveals monolignol 
characteristics, including p-hydroxyphenyl (H), guaiacyl (G), and 
syringyl (S) vibrations. Specific vibrations observed in BG-lignin 
include aromatic skeleton vibration S>G (1425 cm‒1), C‒H deformations 
in ‒CH2‒ and ‒CH3 (1460 cm‒1), aromatic skeletal vibrations (1425 
cm‒1), aliphatic C‒H stretch in CH3 (1353 cm‒1), guaiacyl ring breathing 
(1257 cm‒1), and aromatic C‒H in-plane deformation (G>S) (1031 
cm‒1) [22,38].  

A qualitative and quantitative assessment of the main monolignols in 
BG-lignin was conducted using 31P NMR based on the phosphitylation 
reaction, with NHND as the internal standard. The 31P NMR spectra 
of BG-lignin are presented in Figure 3. Three distinct types of hydroxyl 
groups—aliphatic, phenolic, and carboxylic—were identified, with 
chemical shifts ranging from 145.4 ppm to 150.0 ppm, 137.6 ppm to 
144 ppm, and 133.6 ppm to 136.0 ppm, respectively. Table 1 compiled 
quantitative analysis involved integrating signal areas relative to the 
NHND internal standard. Phenolic hydroxyl was the main component 

in BG-lignin at 1.93 mmol∙g‒1, with an aliphatic-to-phenolic hydroxyl 
ratio of 1.34. Within the phenolic hydroxyl region, p-hydroxyphenyl 
(H) at 137.5 ppm to 138 ppm, guaiacyl (G) at 139.4 ppm to 139.8 ppm, 
and syringyl (S) at 142.7 ppm were detected in BG-lignin, with contents 
of 0.95 mmol∙g‒1, 0.60 mmol∙g‒1, and 0.38 mmol∙g‒1, respectively, 
resulting in an H:G:S ratio of 1:0.6:0.4. These findings are consistent 
with those reported for herbaceous biomass [22,36,39]. The types of 
phenolic hydroxyl groups in lignin depend on the native plant species 
[40], influencing UV-absorption, antioxidation, and antibacterial 
properties [41,42]. 

The glass transition temperature (Tg) of BG-lignin was evaluated 
by DSC, and the thermogram is shown in Figure S3. Two successive 
scans, including heating and cooling steps, were obtained after drying 
the BG-lignin sample at 105℃ for 5 min under a nitrogen atmosphere 
to remove retained moisture. During the heating step, BG-lignin 
exhibited a single Tg representing an amorphous polymer at 110.3℃. 
After heating to 250℃, the sample was cooled, and the baseline 
indicated a reversed Tg of 135℃. This temperature was higher than 
the Tg observed in the heating thermogram due to thermal cross-linking 
during the heating step [43-47].  

The antioxidant activity of lignin reported from various sources 
is closely linked to its chemical structure [16,17,48,49]. Structural 
characteristics, such as the presence of free phenolic hydroxyl and 
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methoxyl substitutions in aromatic rings, are key components influencing 
lignin's antioxidant activity. The antioxidant capability of BG-lignin 
based on DPPH scavenging was evaluated, with decreased absorbance 
of DPPH at 517 nm observed with increasing BG-lignin concentration, 
as shown in Figure 4(a), demonstrating its bio-antioxidant potential. 
The results compared the antioxidant ability of BG-lignin to that of 
the phenolic compound butylated hydroxytoluene (BHT), a common 
additive in both food and active food packaging [50,51]. Figure 4(b) 
illustrates the results of DPPH scavenging activity (%) of BHT and 
BG-lignin, showing an increase with higher BHT and BG-lignin 
content, reaching close to 90% when BHT content was 1000 µg∙mL‒1. 
The EC50 value, representing the concentration corresponding to 
50% reduction of DPPH, was lower for BHT (75 µg∙mL‒1) than for 
BG-lignin (400 µg∙mL‒1). The EC50 value of BG-lignin used in this 
study was comparable to that reported for lignin extracted from 
bagasse in the literature [52,53]. 
 
3.2 Characterizations of PLA composite films containing 
BG-lignin  

 
The appearance of the film is a crucial characteristic associated 

with PLA in food packaging applications. Color changes in film resulting 
from the inclusion of BG-lignin were quantified and documented 
using chromatic coordinates. The neat PLA film exhibited L*, a*, and 
b* values of 90.41, ‒0.52, and 11.51, respectively. Composite films 
containing BG-lignin exhibited a brownish that deepened to dark-brown 
with increasing BG-lignin content. Color changes were expressed as 
ΔL, Δa, and Δb, calculated relative to the neat PLA film and summarized 
in Table 2. The neat PLA film demonstrated the highest lightness value. 
An increase in BG-lignin content lead to reductions in both L* and 
a* while b* increased. For the highest loading content of 1.0 wt% 

(PLA/BG-lignin_1.0), the ΔL, Δa, and Δb values were recorded as 
‒4.69, 1.48, and 7.50, respectively, confirmed the dark brown color 
film from BG-lignin dispersed in PLA film. The ΔL, Δa, and Δb 
values indicate how BG-lignin alters film appearance. A reduction 
in L* (lightness) and increases in a* (red/green) and b* (yellow/blue) 
suggest visible darkening and browning. These shifts can affect 
consumer perception, as films appearing overly dark or colored may 
not be acceptable for certain food products. 

The mechanical properties of all films were assessed using ANOVA 
alongside Duncan’s multiple range test, with a significance level set 
at p < 0.05. Figure 5 shows the mechanical properties tested along 
the machine direction (MD) and transverse direction (TD). Tensile 
strength in the MD significantly increased from 54.5 ± 4.5 MPa to 
63 Mpa to 65 MPa when loading content of BG-lignin increased to 
0.5 wt%. Tensile strength decreased to 56.6 ± 1.4 MPa when BG-lignin 
increased to 1.0 wt% which comparable to that of neat PLA film. 
Tensile strength in the TD decreased significantly when BG-lignin 
content was 1.0 wt% because high loading of BG-lignin restricted the 
arrangement of molecular chains along the TD. Young’s modulus in 
both MD and TD of the BG-lignin/PLA composite films were similar 
with neat PLA. No significant differences in elongation at break tested 
in the MD direction were noticed, while adding BG-lignin at 1.0 wt% 
significantly reduced elongation at break. High loading content of 
lignin over 0.5 wt% resulted in deterioration of mechanical properties 
because of poor interaction and agglomeration of added lignin 
[24,54,55]. 

Morphology of the composite films and the interfacial adhesion 
between neat PLA and BG-lignin were investigated. Surface morphology 
by SEM of neat PLA film and its composite films at 5000x are shown 
in Figure S4. The neat PLA film displayed a smooth surface, while 
particles were evident on the surface of PLA/BG-lignin composite  

       

Figure 4. Free radical scavenging activity of BG-lignin, (a) absorbance of free radical DPPH at different concentrations of BG-lignin and (b) radical 
scavenging activity of BG-lignin and BHT. 
 
Table 2. Color data of neat PLA film and PLA/BG-lignin composite films. 
 
Sample Std. CIE L* Std. CIE a* Std. CIE b* 
Neat PLA 90.41 ‒0.52 11.51 
PLA/BG-lignin composite films ΔL Δa Δb 
PLA/BG-lignin_0.1 ‒0.25 0.11 0.43 
PLA/BG-lignin_0.2 ‒0.83 0.28 1.42 
PLA/BG-lignin_0.5 ‒2.27 0.70 3.85 
PLA/BG-lignin_1.0 ‒4.67 1.48 7.50 
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Figure 5. Mechanical properties of neat PLA film and its composites (a) tensile strength, (b) Young’s modulus, and (c) elongation at break. 

 

Figure 6. UV-visible spectra of neat PLA and PLA composite films with 
varying concentrations of BG-lignin (0.1 wt%, 0.2 wt%, 0.5 wt%, and 1.0 wt%).  
 
films. At the highest BG-lignin level (1.0 wt%), the number of particles 
increased, good dispersion and no agglomeration were observed. Cross-
sectional morphology was obtained from cryo-fractured surfaces of 
films frozen in liquid nitrogen. SEM images (Figure S5) revealed the 
morphology at both low (2000x) and high (10000x) magnifications, 
depicting overall thickness and the interface between PLA and BG-
lignin. Neat PLA film exhibited a smooth fracture surface without 
inclusions, whereas incorporated BG-lignin particles were clearly 
visible in the composite films. At low magnification, well-dispersed 
BG-lignin particles were observed, consistent with the film surface 
morphology. At high magnification, gaps between BG-lignin particles 
and the PLA matrix were evident, indicating poor interfacial adhesion 
and decreased elongation at break of PLA composite films, particularly 
at a BG-lignin loading of 1.0 wt% 

High optical transparency is crucial for food packaging, but 
allowing UV light to pass through the film can lead to oxidation 
reactions and color changes. Therefore, UV-blocking properties are 
important for film packaging. Lignin, with its chromophore groups, 
is a promising bio-UV absorber [25,26,56]. Transmission spectra in 
both UV and visible light for neat PLA film and BG-lignin/PLA 
composite films are shown in Figure 6. Neat PLA film exhibited almost 
complete transparency, with 90% transmittance in the visible region 
(400 nm to 800 nm) and high transmittance (90%) in the UV region, 
indicating insufficient UV-barrier property. PLA composite films with 
BG-lignin showed UV-shielding ability. At the highest loading lignin 
content (PLA/BG-lignin_1.0), transmission in both UVA (320 nm to 
400 nm) and UVB (280 nm to 320 nm) regions significantly decreased 
compared to neat PLA film. UV transmittance at 320 nm, selected to 
evaluate UV-shielding ability, decreased with increasing BG-lignin 
content, from 79% to 12%. This UV absorption is attributed to the 
phenolic hydroxyl and other chromophore groups in BG-lignin, such as 
carbonyl and methoxy structures, which can absorb radiation in the 
250 nm to 400 nm range [13,14,56,57]. 

The transparency of the neat PLA film was 53.3%. PLA composite 
films incorporated with BG-lignin showed similar transparencies of 
52% to 53%, indicating that loading BG-lignin ranging from 0.1 wt% 
to 1.0 wt% did not significantly affect film transparency. The inclusion 
of a small amount of BG-lignin improved the UV absorption of PLA 
in the composite films while maintaining satisfactory transparency. 
Higher loading content of BG-lignin resulted in better UV-barrier 
properties, but darker film color was obtained. Thus, the loading content 
of BG-lignin and UV-barrier properties should be optimized for 
specific applications. 
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Oxidation is a significant cause of food deterioration, particularly 
in foods rich in lipids and bioactive compound [58]. Oxidation can be 
prevented by incorporating antioxidant compounds directly into food 
or by utilizing antioxidants in the packaging [59]. The most common 
synthetic antioxidants used in food packaging are butylated hydroxy-
anisole (BHA), butylated hydroxytoluene (BHT) and tert-butyl 
hydroquinone (TBHQ). However, regulations restrict the use of these 
synthetic antioxidants. BG-lignin, with an EC50 of 400 µg∙mL‒1, 
exhibits promising antioxidant properties for food packaging. DPPH 
scavenging activity was evaluated in PLA/BG-lignin composite films. 
Figure 7(a-c) depict the absorbance bands of neat PLA, PLA/BG-
lignin_0.1, and PLA/BG-lignin_1.0 composite films. The absorbance 
band at 517 nm of the DPPH ethanolic solution declined over 24 h, 
reflecting strong antioxidant activity. Figure 7(d) illustrates the calculated 
percentages of DPPH scavenging activity over time. The DPPH 
scavenging activity of neat PLA film remained constant for the first 
5 h, gradually increasing to a plateau value of 21% after 10 h. At 5 h, 
PLA composite films with 0.5 wt% and 1.0 wt% BG-lignin exhibited 
a notable increase in DPPH scavenging activity to approximately 
14%, while films with lower BG-lignin contents (0.1 wt% and 0.2 wt%) 
showed comparable activity to neat PLA film. PLA/BG-lignin films 
reached 50% scavenging activity after 24 h, showing concentration 
and time-dependent behaviour. The antioxidant activity stems from 
the presence of phenolic hydroxyl groups, which act as hydrogen 
donors to stabilize free radicals. This is particularly relevant in solid films, 
where radical diffusion is slower compared to liquid systems [60]. 

The overall migration test with simulants representing aqueous 
and fatty food conditions revealed insightful findings, as summarized 

in Table 3. European legislation mandates a permissible overall 
migration limit of 60 mg∙kg‒1 for food packaging materials [8]. After 
a 10 day incubation period, migration values for neat PLA films in 
various simulants were measured. For simulant A (aqueous foods), 
simulant B (acidic foods), simulant C (alcoholic foods), simulant D1 
(milk products), and simulant D2 (fatty foods), migration levels were 
4.4 mg∙kg‒1, 7.4 mg∙kg‒1, 6.3 mg∙kg‒1, 6.6 mg∙kg‒1, and 5.3 mg∙kg‒1, 
respectively. Interestingly, the overall migration in 20% ethanol was 
lower than in 10% ethanol. This observation may be attributed to 
differences in polymer relaxation and swelling behavior; higher ethanol 
concentrations can sometimes reduce lignin diffusion due to matrix 
contraction or solvent polarity mismatch. Notably, the PLA composite 
film containing 1.0 wt% BG-lignin (PLA/BG-lignin_1.0) recorded 
a maximum migration value of 43 mg∙kg‒1. Despite this increase, it 
remained well below the regulatory threshold, suggesting the feasibility 
of using BG-lignin at a maximum loading of 1.0 wt% for food packaging. 
These findings underscore BG-lignin's potential as a PLA composite 
film additive without compromising regulatory compliance.  

The absorbance of the corrected food simulant was analyzed by 
UV-vis spectrometry to confirm lignin migration. Absorbance at 
280 nm indicates lignin presence [61]. Figure 8(a-b) show UV 
absorption of the food simulant after 10 days. Neat PLA film showed 
no absorbance at 280 nm, while a broad band was observed with 
0.5 wt% and 1.0 wt% BG-lignin, confirming its leaching into the 
food simulants. Results of DPPH scavenging activity and overall 
migration suggest BG-lignin acted as a free radical scavenger, with 
migration below EU limits. 

 

 

Figure 7. Absorption of the DPPH band at 517 nm of (a) neat PLA film, (b) PLA composite film at 0.1 wt% BG-lignin, (c) PLA composite film at 1.0 wt% 
BG-lignin, and (d) Free radical (DPPH) scavenging activity of neat PLA and BG-lignin/PLA composite films at different incubation periods. 
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Table 3. Overall migration values of neat PLA and its composite films containing BG-lignin. 
 
Sample Overall migration [mg∙kg‒1) 
 Simulant A 

(Ethanol 10% (v/v))  
Simulant B  
(Acetic acid 3% (w/v))  

Simulant C 
(Ethanol 20% (v/v))  

Simulant D1  
(Ethanol 50% (v/v))  

Simulant D2  
(n-heptane)  

Neat PLA 4.4 ± 3.1 7.4 ± 4.2 6.3 ± 1.0 5.6 ± 1.6 5.3 ± 2.2 
PLA/BG-lignin_0.1 7.8 ± 8.3 - - 7.3 ± 0.8 - 
PLA/BG-lignin_0.2 11.2 ± 9.8 - - 13.5 ± 1.6 - 
PLA/BG-lignin_0.5 19.7 ± 26.2 - - 10.1 ± 1.6 - 
PLA/BG-lignin_1.0 43.5 ± 24.1 13.5 ± 1.54 4.9 ± 2.6 13.5 ± 1.6 11.2 ± 0.8 

 

 
Figure 8. UV spectra of food simulant after 10 days of incubation: (a) food simulant A (Ethanol 10% (v/v)), and (b) simulant D1 (Ethanol 50% (v/v)). 
 

                   

Figure 9. Color coordinates of ketchup contained in neat PLA and PLA/BG-lignin films, collected over a 72 h UV-irradiation period: (a) L*, (b) a*, (c) b* 
and (d) ΔE.  
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The in vitro cell cytotoxicity study was conducted on mouse 
fibroblast cells. Neat PLA and PLA/BG-lignin_1.0 films exhibited 
% viability at 94% and 96%, respectively. These values were larger the 
rejection criteria (70%), indicating both neat PLA and PLA containing 
BG-lignin at 1.0 wt% are non-cytotoxicity. Regarding the active 
properties of PLA film containing BG-lignin, which include UV-
blocking and free radical scavenging capabilities, along with acceptable 
migration values and non-cytotoxicity, it becomes advantageous for 
applications in preventing photooxidation in food packaging. Tomato 
ketchup, a widely popular product, is susceptible to degradation due to 
exposure to ultraviolet (UV) light and temperature fluctuations [62,63]. 
Tomato ketchup was contained in different sachets made from neat 
PLA and PLA/BG-lignin_1.0, following a 72 h UV exposure. The effects 
of photooxidation on lycopene content enriched in tomato were assessed 
through color measurement.  

Figure 9 illustrates the color data of tomato ketchup for 72 h exposed 
to UV irradiation. Ketchup contained in the neat PLA package exhibited 
a lower L* value and higher a* value compared to that contained in 
PLA/BG-lignin, as shown in Figure 9(a-b), indicating that the PLA/ 
BG-lignin film can prevent changes in the lightness and red color of 
ketchup. Figure 9(c) shows the change in b* values for both types of 
packaging, which decreased similarly. Figure 9(d) illustrates a plot of 
ΔE values with UV exposure time. The ΔE values of ketchup stored 
in both neat PLA and PLA/BG-lignin exhibited comparable values 
of 2.0 after 12 h UV irradiation, signifying detectable color variation 
when the ΔE reaches this threshold. Subsequent to 72 h UV exposure, 
the ΔE value of ketchup stored in neat PLA surpassed 4.0, indicating 
a conspicuous color alteration that is easily observable. Conversely, 
the ΔE value of ketchup stored in PLA/BG-lignin remained below 
3.0. A ΔE value above 3.0 generally indicates noticeable color change 
to the human eye. The ΔE values of ketchup stored in neat PLA exceeded 
this threshold after 72 h, while PLA/BG-lignin maintained ΔE below 
3.0, indicating better visual stability [64]. UV light directly initiates 
the degradation of internal photosensitive components through photo-
chemical reactions, prompting phenomena such as lipid oxidation, 
pigment deterioration, and the generation of off flavors [65]. This 
discrepancy is attributed to the incorporation of lignin in the packaging, 
which helps maintain the color of tomato ketchup or reduce color 
degradation after UV exposure, owing to its UV protection and anti-
oxidation properties. 

 
4.  Conclusions 

 
The utilization of organosolv BG-lignin extracted from Thai 

sugarcane bagasse as multifunctional bio-additives in PLA flexible 
films represents a promising avenue for enhancing the properties of 
packaging materials. Physicochemical attributes of BG-lignin, such 
as molecular weight, functional groups, and phenolic compounds, 
significantly contribute to UV-shielding and antioxidant activities, 
while its thermal properties facilitate melt extrusion processing. The 
addition of BG-lignin results in brownish PLA composite films with 
optical, thermal, and mechanical properties comparable to neat PLA film, 
demonstrating promising UV absorption and free radical scavenging 
capabilities. Furthermore, PLA/BG-lignin composite films comply with 
European migration legislative limits for food packaging materials 
and exhibit non-cytotoxicity. However, excessive loading content 

negatively affects film color. PLA film containing BG-lignin at 1.0 wt% 
effectively retards the photooxidation reaction causing color change 
in tomato ketchup. Overall, BG-lignin emerges as a versatile bio-additive 
for the development of practical and economically effective active 
packaging solutions. It is imperative to customize its loading content 
and UV-barrier qualities to suit individual application requirements. 
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