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This work highlights the potential of valorising brewing industry side-streams for the development of bio-based
food packaging materials. Brewers’ spent grain (BSG) was pre-treated using a non-thermal air-bubble plasma
reactor as part of an electrified biorefinery, followed by enzymatic hydrolysis, enabling the separation of protein-
, lignin-, and sugar-rich fractions. The residual solids (BSG-RS) were explored through three film-forming stra-
tegies, with the film formulation using the recovered protein concentrate emerging as the most efficient process.
This route was further optimised by incorporating bacterial cellulose nanostructures, produced from the sugar-
rich hydrolysate, as a reinforcing agent. Delignification of BSG-RS enabled the recovery of a lignin-rich fraction,
which was used to enhance film functionality by testing two lignin formulations, namely alkaline lignin (AL) and
lignin particles (LPs). The developed films exhibited excellent light-barrier properties (Tggo < 2.3 %) and high
antioxidant activity (>38.2 % inhibition). Structural characterization (scanning electron microscopy, thermog-
ravimetric analysis, and X-ray diffraction) demonstrated distinct morphology-dependent interactions of the AL
and LPs within the film matrix, leading to opposite effects on structural organisation and thermal stability. When
applied to refrigerated salmon fillet, selected formulations performed comparably to PVC and extended shelf life
by up to 4 days. Overall, the proposed approach effectively valorised all derived fractions of the BSG-based
biorefinery towards functional food packaging, contributing to the sustainable utilisation of industrial side-
streams into eco-friendly alternatives to conventional packaging.

Woo, 2024). In line with circular economy principles, converting
biomass feedstocks into high-value biopolymers enables their reinte-
gration into sustainable food packaging systems (Yin & Woo, 2024).

1. Introduction

Conventional food packaging depends on fossil-based plastics, which

are non-biodegradable and environmentally harmful, contributing to
greenhouse gas emissions and long-term ecological degradation
(Boarino & Klok, 2023; X. Li et al., 2025). In 2023, global plastic pro-
duction reached 413.8 Mt, highlighting the urgent need for sustainable
alternatives (Statista, 2025). At the same time, the growing accumula-
tion of agro-industrial side streams intensifies environmental pollution,
highlighting the necessity for effective valorisation strategies (Yin &
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Brewers’ spent grain (BSG) represents approximately 30 % (w/w) of
malt weight and up to 85 % of total brewery residues (Tsouko et al.,
2023). The production of 1 m® of beer results in approximately 270 kg of
solid waste, with more than 10.8 million t of BSG generated in Europe
(Ioannidou et al., 2020). BSG can be classified as a lignocellulosic ma-
terial, consisting of hemicellulose (20-40 %), cellulose (12-30 %), pro-
tein (14-46 %) and lignin (12-28 %) (Argeiti et al., 2024; Tsouko et al.,
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2023). BSG-based biorefineries have been reported for the isolation of
different value-added products, such as bioactive compounds
(Bonifacio-Lopes et al., 2020), arabinoxylan (Lopez-Linares et al., 2020),
proteins (Devnani et al., 2023), the biotechnological production of poly
(3-hydroxybutyrate) (PHB) (Argeiti et al., 2024), bacterial cellulose (BC)
(Tsouko et al., 2023), and various chemicals (e.g., butanol, xylitol, lactic
acid, ethanol and biogas) (Rojas-Chamorro et al., 2020; Sganzerla et al.,
2021). However, its recalcitrant structure requires pre-treatment before
enzymatic saccharification (Vanneste et al., 2017). Conventional hy-
drothermal or alkaline pre-treatments involve high energy input and
chemical reagents, leading to inhibitor formation and product loss.
Recent studies on biorefinery electrification have demonstrated that
non-thermal air-bubble plasma (NTP) offers a sustainable alternative,
operating at ambient temperature and pressure, without acids or sol-
vents. The reactive oxygen and nitrogen species generated in plasma
(such as eOH, O3, and NO3) promote lignin depolymerisation and cell
wall disruption, enhancing enzymatic hydrolysis yields. Applied to BSG
and grape stalks, NTP enhanced enzymatic hydrolysis, while a life-cycle
assessment confirmed a lower environmental impact than conventional
thermochemical pre-treatments (Argeiti et al., 2024; Filippi et al.,
2025).

Natural polymers provide a renewable platform for the production of
biodegradable films and coatings (Gupta et al., 2022). BSG-derived
proteins serve as a low-cost nitrogen source with strong intermolec-
ular interactions and promising oxygen barrier properties (Rojas-Lema
et al., 2023). They have been utilised in human and animal dietary
(Devnani et al., 2023; Junttila, 2022), and in packaging formulations
(Oztuna Taner et al., 2023; Proano et al., 2020; Shroti & Saini, 2022).

Lignin, one of the most abundant natural biopolymers, is mainly
generated as a by-product of agricultural industries (Lu et al., 2022). Its
hydrophobicity makes it a suitable reinforcing agent for protein-based
films, improving moisture resistance (Rojas-Lema et al., 2023). How-
ever, its random structure and low solubility limit direct use. To over-
come this limitation, lignin particles (LPs) incorporation has emerged as
a promising approach to enhance antioxidant, antimicrobial,
UV-barrier, and thermal properties of the films (Lu et al., 2022).
Incorporating BC into this framework introduces a high-purity, crys-
talline biopolymer that outperforms plant cellulose in film reinforce-
ment and in compatibility with protein matrices (Gregory et al., 2021;
Sarafidou, Forys, et al., 2025). Its integration within a biorefinery
context can reduce production costs and expand applications (Filippi
et al., 2022). Further acid hydrolysis of BC yields bacterial nanocellulose
(BNC) which acts as an efficient reinforcing agent in protein-based films,
enhancing mechanical strength and barrier properties (Efthymiou et al.,
2022a).

Previous studies have developed BSG-based packaging materials
using bio-based blends. Rigid food packaging trays made from BSG and
potato starch exhibited mechanical properties comparable to those of
expanded polystyrene (Ferreira et al., 2019). Shroti and Saini (2022)
investigated the effect of different BSG protein contents (4-10 % wt.%)
and pH values (11, 12 and 13) on the formation of edible films, while
Proano et al. (2020) produced BSG protein concentrate (BSG-PC) films
through solubilisation at different pHs (2, 8, 11) and plasticised with
polyethylene glycol or glycerol for active packaging. Nanocomposite
films formulated using BSG feruloylated arabinoxylo-oligosaccharides
with the addition of nanofibrillated cellulose were reported by Mor-
eirinha et al. (2020), leading to high UV-Vis barrier, antioxidant and
antimicrobial properties. All these studies utilised pure components
derived from different sources or have only valorised a part of the BSG
biomass, leaving the remaining streams unutilised. Oztuna Taner et al.
(2023) developed BSG-derived films for strawberry packaging by
combining a cellulose derivative (carboxymethyl cellulose), with pro-
tein and phenolic compounds from BSG, with the disadvantage of using
a chemical modification. Qazanfarzadeh et al. (2024) developed a
cascade biorefinery process to valorise the protein-, cellulose-, and
hemicellulose-rich BSG streams into films for blueberry preservation.
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However, no study has yet examined the processing of residual BSG
following NTP treatment within an electrified biorefinery framework
aimed at producing active food packaging, nor has any application on
actual food products been reported. Moreover, the use of high-purity
BNC produced directly from BSG hydrolysates, an approach that
avoids plant-derived cellulose and chemical derivatization, has not been
explored so far.

This study aims to demonstrate that all major fractions from BSG
obtained through an electrified biorefinery approach can be efficiently
converted into bio-based packaging materials. The work investigates
whether BSG after pre-treatment in a plasma-bubble bioreactor, fol-
lowed by enzymatic hydrolysis enables the valorisation of protein-,
lignin-, and sugar-rich streams suitable for film development. Different
utilisation strategies for the residual solids, either directly or after pro-
tein and lignin fractionation, were evaluated to identify the most effi-
cient route for producing robust films. Additional research quest
addresses the ability of two different lignin forms (alkaline lignin or LPs)
to enhance film functionality. The resulting BSG-based film's perfor-
mance was assessed using refrigerated salmon fillets as a case study to
determine their suitability as sustainable packaging materials.

2. Materials and methods
2.1. Raw material

BSG (Cerveza Mica, Spain) was collected after the malting step of
Pilsner beer. Wet BSG was milled using a blender (particle size <2 mm)
and stored at —20 °C until further processing.

2.2. Pre-treatment by air-bubble plasma reactor and enzymatic hydrolysis

BSG was pre-treated using an air-bubble plasma reactor (Leap100,
Plasmaleap, Sydney, Australia) at atmospheric pressure, following the
optimised conditions described by Argeiti et al. (2024). The plasma
reactor consists of a ground electrode (cathode), a high-voltage elec-
trode (anode) sealed in a quartz tube with an air supply, an AC power
supply unit and an agitator. The reactor configuration enabled both
dielectric barrier discharge (DBD) and spark discharges within the gas
bubbles, enhancing the transfer of reactive species to the liquid phase.

A 150 g/L BSG suspension (0.9 L working volume) was treated at
200V, a discharge frequency of 1000 Hz, a 10 % duty cycle (100 ps pulse
width) for 30 min under continuous aeration (1 vvm) and agitation at
ambient temperature. The duty cycle was defined as the ratio of pulse
width to discharge period (T). The discharge period was calculated ac-
cording to equation (1).

1

T=— 1
7 (€3]

where f is the discharge frequency (Hz).

Enzymatic hydrolysis of the whole plasma-treated suspension was
performed immediately after pre-treatment. A commercial enzyme
cocktail (ASA Spezialenzyme GmbH, Wolfenbiittel, Germany) contain-
ing glucoamylase, cellulase and xylanase was added at 100 pL per g BSG
under aseptic conditions. Hydrolysis was performed at 50 °C for 48 h
with agitation. After hydrolysis, residual solids (BSG-RS) were separated
from the hydrolysate and stored at —20 °C.

2.3. BSG-RS processing strategies

BSG solids after NTP treatment and enzymatic hydrolysis were sub-
jected to two processing strategies: direct film formulation utilising BSG-
RS (the basis of treatments 1 and 2) and protein extraction followed by
film formulation (treatment 3).
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2.3.1. Treatment of BSG-RS with mild acid hydrolysis (treatment 1)

BSG-RS suspensions (5 %, 7.5 %, and 10 %) were prepared in 1 M
acetic acid and stirred at 400 rpm for 24 h according to the protocol
described by Merino et al. (2021).

2.3.2. Organosolv (acetic acid) treatment of BSG-RS (treatment 2)

BSG-RS (1:10 w/v) was suspended in aqueous acetic solution (70 %,
80 %, and 90 % v/v) in Duran bottles, followed by the addition of 2 % v/
v HCl as a catalyst, as reported by De Sousa Nascimento et al. (2021) to
effectively solubilise lignin from lignocellulosic residues. Suspensions
were heated under stirring to 110 °C for 1 h in a silicon oil bath, resulting
in the formation of black liquor.

2.3.3. Alkaline treatment — protein extraction (treatment 3)

BSG-RS was dispersed (1:10 w/v) and adjusted to pH 10.0 with 5 M
NaOH. The slurry was stirred for 2 h (Witeg MSH-D, Germany) at 60 °C,
whereas the pH was monitored throughout the process. After solid
separation (Whatman filter paper N°1), the supernatant pH was adjusted
to 3.4 with 2 M HCI under continuous stirring to precipitate proteins
(Celus et al., 2007; E. Vieira et al., 2014). This pH was mainly used as a
representative value within the broader isoelectric region of BSG pro-
teins (3.0-3.8), as previously reported in the literature (Junttila, 2022;
Qazanfarzadeh et al., 2024). Precipitated protein was recovered by
centrifugation (9000 rpm, 10 min, 4 °C), followed by freeze drying of the
protein fraction to obtain BSG-PC. The remaining solids were washed
with distilled water until neutralisation (pH 7-8) and stored for further
processing.

2.4. Lignin extraction, modification and characterisation

Residual BSG solids after NTP, enzymatic hydrolysis and alkaline
protein extraction (treatment 3) were used for lignin recovery
(Rojas-Lema et al. (2023) with slight modifications). Briefly, BSG res-
idue was suspended in 1.5 M NaOH at 1:10 w/v (500 mL total). The
solution was heated to 140 °C for 3 h in an autoclave to facilitate lignin
solubilisation, followed by liquid separation by centrifugation (12,000
rpm, 15 min, 4 °C). Sulfuric acid was gradually added to the supernatant
under stirring until the pH reached 2.0, causing lignin precipitation.
Precipitated lignin was separated via centrifugation (12,000 rpm, 15
min, 4 °C), freeze-dried and stored.

For the preparation of the alkaline lignin (AL), a 30 g/L lignin so-
lution was prepared using an NaOH aqueous solution 5 M (pH 10.0). LPs
were formulated according to the protocol described by Colucci et al.
(2023) with some modifications. LPs were prepared by stirring 3 g of
lignin in 100 mL of a 70:30 ethanol:water solution for 10 min at 500
rpm, followed by ultrasonication (Bandelin Sonorex RK 52 from
Reagente 5 - Quimica e Electrénica Lda, Portugal) for 10 min. An
aqueous phosphate-citrate buffer (pH 8) was added to the lignin solution
at arate of 14 mL/min as antisolvent using a syringe pump (KDS 200, KD
Scientific, USA) for 4 min. The solution was then evaporated (R-114,
Waterbath B-480, and Vacuum Controller B-721, Biichi, Switzerland) at
60 °C and 180-140 mbar, to remove the ethanol and achieve the same
initial lignin concentration (30 g/L). The final lignin concentration was
checked gravimetrically by drying an aliquot of the dispersion until
constant weight. The LPs were characterized for particle size using a
Mastersizer 3000 equipped with a Hydro MV dispersion unit (Malvern
Instruments Ltd., United Kingdom), following published procedure
(Colucci et al., 2023). The refractive index and absorption of the parti-
cles were set to 1.6 and 0.1, respectively. Distilled water was used as LP's
dispersing media and five consecutive measurements were performed at
room temperature. The number-median diameter (D50) was used for
size analysis.

2.5. BC production and BNCs formulation
bacterial

For BC production the strain Komagataeibacter
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sucrofermentans DSM 15973 (Leibniz-DSMZ Institute, Germany) was
used and stored at —80 °C in cryovials containing 50 % (v/v) pure
glycerol. A 250-mL Erlenmeyer flask was filled with 50 mLof Hestrin and
Schramm medium (pH 6.0), comprising (g/L): 20.0 glucose, 5.0
peptone, 5.0 yeast extract, 2.7 disodium phosphate and 1.15 citric acid.
One cryovial was inoculated into the shake flask, followed by 24-h in-
cubation in a rotary shaker (200 rpm) at 30 °C.

BC production was done according to Efthymiou et al., 2022b. BSG
hydrolysate was used as a carbon and nitrogen source. The total sugar
concentration reached 20 g/L, whereas 5 g/L bacteriological peptone,
3.5 g/L yeast extract, 2.7 g/L disodium phosphate, and 1.15 g/L citric
acid were added to enrich the medium. BSG hydrolysate was
filter-sterilsed before fermentation using a 0.22 pm filter unit (Poly-
capAS, Whatman Ltd.), whereas nitrogen sources and the mineral so-
lution were sterilized in separate (121 °C, 20 min). Batch cultures were
inoculated at 10 % v/v and incubated at 30 °C for 10 days under
controlled pH (5.0). At the end of the fermentation, the broth was
centrifuged (9000x g, for 10 min, at 4 °C) and the collected BC was first
washed with distilled water under boiling conditions (100 °C, three
times), followed by immersion in 1 M NaOH solution for 24 h under
agitation (180 rpm). BC was washed with distilled water to remove
excess NaOH until reaching a pH of ~7.0, freeze-dried, ground (ECB
mill, London) and stored until further use.

The modification of BC was carried out via acid hydrolysis, as re-
ported by Sarafidou, Vlysidis, et al. (2025). More specifically, 5 g of
ground BC was moistened with distilled water and homogenised for 4
min using an Ultra-Turrax T25 Basics (IKA) at 15,500 rpm. Sulfuric acid
(95-97 %, Honeywell) was added to the suspension and diluted with
water to reach a final concentration of 50 % (w/w) and a total volume of
50 mL. The hydrolysis process was conducted at 55 °C under continuous
agitation at 500 rpm. After 48 h, distilled water (5:1 v/v) was added to
terminate chemical hydrolysis, followed by 30 % hydrogen peroxide for
the bleaching step. These conditions were selected based on previous
structural validation under identical hydrolysis parameters (50 %
H2S04, 48 h, 55 °C), where controlled nanostructuring was confirmed by
dynamic light scattering (~56 nm), {-potential (—34 mV) and X-ray
diffraction analysis demonstrating preservation of cellulose I crystalline
structure (crystallinity index 88.3 %) (Efthymiou et al., 2022b). In the
previous work, the same protocol yielded BNC with a crystallinity index
above 92 % (Sarafidou, Vlysidis, et al., 2025), further supporting the
suitability of these conditions. The suspension was then maintained
under continuous agitation at 200 rpm for 1 h, followed by a series of
washing steps to remove excess acid. Specifically, the suspension was
centrifuged three times (7500 rpm, 15 min, 4 °C), ultrasonicated at 60
kHz and 300 W for 6 min (Sonoplus 3200, Germany) and subsequently
placed in dialysis bags (Medicell Membranes Ltd, 12-14 kDa). The
dialysis process was performed in a water bath, with systematic water
replacement until pH neutralisation was achieved. The final suspension
of BNC was stored at 4 °C until further use.

2.6. Bio-based films formulation

Each BSG-RS processing strategies (Section 2.3) was studied focusing
on bio-based film formulation, and the resulting film formulations are
presented in Table 1. The selected strategy was further developed to
produce homogeneous bio-based films.

2.6.1. Treatment 1 - films formulation after mild acid hydrolysis

After acetic acid hydrolysis, glycerol (30 % w/w, based on BSG-RS)
was incorporated into the suspension, followed by heating at 80 °C
until solubilisation (400 rpm, 1 h) (Merino et al., 2021). The solution
was cooled down, cast into Petri dishes (90 x 15 mm), and allowed to
dry for 24 h.

2.6.2. Treatment 2 — films formulation after organosolv treatment
Glycerol (30 % w/w, based on BSG-RS) was incorporated into the
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Table 1
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Samples nomenclature and composition resulted after the different BSG-RS processing strategies.

Treatment 1 — mild acid hydrolysis

Name BSG-RS (%, w/v) Glycerol (%, w/w) *
T1-RS/5 5 30
T1-RS/7.5 7.5 30
T1-RS/10 10 30

Treatment 2 — organosolv treatment

Name BSG-RS (%, w/v) Glycerol (%, w/w) *
T2-RS/70 10 30
T2-RS/80 10 30
T2-RS/90 10 30

Treatment 3 — BSG-RS fractionation

Name BSG-PC (%, W/v) BNC (%, w/w) ° Glycerol (%, w/w) ” Tween-20 (%, w/v) AL (%, w/w) ” LPs (%, w/w) "
PC/0 35 10 30 1 -

PC/5AL 3.5 10 30 1 5

PC/10AL 3.5 10 30 1 10

PC/15AL 3.5 10 30 1 15 -

PC/5LPs 35 10 30 1 - 5

PC/10LPs 3.5 10 30 1 10

PC/15LPs 3.5 10 30 1 15

T, treatment; RS, residual solids; BSG, brewers' spent grain; PC, protein concentrate; BNC, bacterial nanocellulose; AL, alkaline lignin; LPs, lignin particles.

2 Based on BSG-RS.
b Based on BSG-PC.

black liquor, followed by continuous stirring for 1 h. Solvent casting of
the resulting solution was conducted into Petri dishes (90 x 15 mm) and
dried at room temperature for 24 h.

2.6.3. Treatment 3 — films formulation utilising BSG-PC

Preparation of bio-based films utilising BSG-PC was conducted
following the protocol described by Efthymiou et al. (2022a), with some
modifications. 3.5 % w/v BSG-PC was suspended in distilled water with
the pH adjusted to 11 (2 M NaOH) under continuous stirring (300 rpm,
40 °C) for 20 min, followed by the addition of 30 % w/w glycerol, 1 %
w/v tween-20 and 5 % or 10 % w/w BNC. AL and LPs were incorporated
into the protein matrix in different concentrations of 5 %, 10 %, and 15
% w/w to enhance the bioactivity of the suspension. The solutions were
homogenised using a rotor-stator homogenizer (CAT, Unidrive X 1000,
Germany) (12,000 rpm, 5 min), followed by stirring at 80 °C for 30 min.
Finally, 25 mL were poured into Petri dishes and dried at room tem-
perature for 24 h, followed by an additional drying step at 50 °C for 24 h
to ensure full water removal and film integrity. All films were stored in a
desiccator prior to characterisation to allow moisture equilibrium and
ensure comparable conditions among samples. The resulting films
named PC/0 (without lignin), PC/5AL, PC/10AL, PC/15AL, PC/5LPs,
PC/10LPs, and PC/15LPs (Table 1) were selected for further
characterisation.

2.7. Characterisation of the selected films

2.7.1. Colour and UV-Vis properties

The colour of the BSG-based films was quantified by measuring the
parameters L* (luminosity), a* (green-red chromaticity), and b* (blue-
yellow chromaticity) using a Minolta CR-400 tri-stimulus colorimeter
(Konica Minolta Sensing, Inc., Osaka, Japan). As a reference, a white
background was used. The total colour difference (AE), colour differ-
ences (AC), and brown index (BI) were calculated using equations (2)-

4.

AE= /(L — Lo)+(a — ao)? + (b — bo)? @

AC=1/(a—a,)* + (b—by)? 3)

Bl (a"+1.75L")a’
"~ \5.645L" 4+ a* — 3.012b"

_ 0.31) @)

where Lo, ag, and by are the L, a, and b values on the film without AL and
LPs incorporation (corresponding to sample PC/0).

The films were cut into pieces (1 x 4 cm), placed in a UV-vis spec-
trophotometer (Shimadzu UV-1900i), and the absorbance was collected
within the wavelength range 200-800 nm. The absence of a sample
served as the reference (blank). Transparency (T) and UV transmittance
(UV%) were determined according to equations (5) and (6):

T— log (%:"eomm) )

290 () dt

UV% = 4‘}’ x 100 (6)

200
400

where %Teggonm iS the transmittance at 600 nm, and t is the film thickness
(mm) measured at three different points for the film utilising a cali-
brated digital micrometer.

All the measurements were conducted in triplicate.

2.7.2. Antioxidant activity

The antioxidant activity of the films was determined using two
different antioxidant assays. The 2,2-diphenyl-1-picrylhydrazyl (DPPH)
method followed the methodology described by He et al. (2023), with
some modifications. An aqueous solution of 20 mg film (10 mL working
volume) was prepared and stirred for 24 h at ambient temperature. A
0.2 mM solution of DPPH in methanol was prepared. Each properly
diluted sample (2 mL) was mixed with the DPPH solution (1:1 v/v) and
incubated at 25 °C for 30 min in the absence of light. A control sample
was prepared by replacing the sample solution with distilled water
following the same procedure. The absorbance of each sample solution
(As) and control sample (Ag) was measured at 517 nm using a UV-vis
spectrophotometer ~ (Shimadzu UV - 1900i). The DPPH
radical-scavenging inhibition (%) was determined using equation (7).

Ao — A
DPPH inhibition% = (OT> x 100 %)
0

Additionally, the antioxidant activity was evaluated using the 2,2'-
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azino-bis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS) radical scav-
enging assay by using modified protocols described by Llana-R-
uiz-Cabello et al. (2015). A stock solution of 7 mM ABTS was prepared in
distilled water and mixed with 2.45 mM potassium persulfate solution at
equal volumes. The mixture was incubated in the dark at room tem-
perature for 12-16 h to generate the ABTS®' radical cation. Prior to
analysis, the ABTS"" solution was diluted with methanol to obtain an
absorbance of 0.70 + 0.02 at 734 nm. Film extracts were prepared using
the same procedure described for the DPPH assay. Then, 20 pL of sample
extract was mixed with 280 pL of ABTS"" solution, and the absorbance
was measured at 734 nm after 6 min incubation using a microplate
reader (Infinite M200 PRO, Tecan Group Ltd.). For the control mea-
surement, 20 pL of methanol was used instead of the sample. All ex-
periments were performed in triplicate. The ABTS radical scavenging
activity (%) was calculated using equation (8).

Ao — A
ABTS inhibition% = ("A—) x 100 ®
0

where Ag and A; correspond to the absorbance of the control and sample
solutions, respectively.

2.7.3. Attenuated total reflectance Fourier transform infrared (ATR-FTIR)
spectroscopy

The spectra of the raw materials and selected films were measured
using an FTIR spectrometer (ABB MB3000) operating in ATR mode and
equipped with Horizon MB™ FTIR software. The spectral range was
analysed from 4000 to 550 cm™! with 32 scans, a resolution of 4 cm™!
and a detector gain of 80.68.

2.7.4. Mechanical properties

The mechanical properties of the films were measured under
ambient conditions using a universal testing machine (Autograph AGS-X
10 kN, Shimadzu) equipped with a 500 N load cell and pneumatic
clamps. The specimens were cut (20 mm x 60 mm) and analysed with a
crosshead speed of 5 mm/min at room temperature. The film thickness
was determined using a calibrated digital micrometer (806.B 25,
Facom), averaging three measurements at different points for each
specimen. The results were presented as the average + standard
deviation.

2.7.5. Water contact angle, solubility and barrier properties

A Theta flow optical tensiometer (Biolin Scientific, Gothenburg,
Sweden) was utilised to measure the water contact angle (WCA) of the
films (ASTM D5946, 2017). A single distilled water drop, 4 pL in volume,
was placed on three different points of the film surface and after 10 s the
angle was recorder. All measurements were conducted at ambient
temperature. The results were presented as the average + standard
deviation.

Water barrier properties, determined as water vapour transmission
rate (WVTR) and water vapour permeability (WVP), were assessed using
the modified method outlined by Athanasopoulou et al. (2025). Films
were cut (2 x 2 cm?), placed on the top of glass vials containing 4 g silica
gel (0 % relative humidity), sealed and stored in a desiccator at 25 °C
filled with BaCly (90 % relative humidity). The weight gain of the vials
was recorded every 2 days over 3 weeks. The WVTR (g/(s x rnz)) and
WVP (g/(m x Pa x s)) were calculated according to equations (9) and
(10), respectively.

AW
WVITR=—x A 9
At~ ©
WVIR x d
WP =—"—— 10
AP (10)

where AW/At (g/day) is the weight gain of the vials per day; A (m?), the
exposed surface of the film; d (mm), the average thickness of the film; AP
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(kPa), the vapour pressure difference between the two sides of the films.
The results were expressed as the average of five replicates.

The water solubility of films was determined by the modified method
reported by Athanasopoulou et al. (2025). Films were cut (2 x 2 em?),
weighed (W;) and placed into an oven to dry (80 °C) for 24 h. The dried
films were cooled, weighed (W5) and immersed in 50 mL of distilled
water. After 24 h, the swollen films were dried (80 °C) for 24 h and
re-weighed (W3). The water solubility was calculated according to
equation (11).

w x 100 an

2

Water solubility(%) =
All measurements were performed in triplicate for each film sample.

2.7.6. Scanning electron microscopy (SEM)

SEM analysis of the selected bio-based films (PC/0, PC/5AL, and PC/
5LPs) was conducted using a scanning electron microscope JEOL JSM-
6010LV using secondary electron mode. The system is equipped with
an INCAx-Act PentaFET Precision energy-dispersive X-ray spectrometer
(EDS; Oxford Instrument, UK). Prior to imaging, the films were fractured
in liquid nitrogen to obtain brittle cross-sections, mounted on
aluminium stubs, and coated with a 1.5 nm layer of Pt. The samples were
then transferred into the SEM chamber and analysed vertically for cross-
sections and horizontally for surface views.

2.7.7. Thermogravimetric analysis

The thermal stability of the selected films was determined by thermal
decomposition (TG) and derived thermogravimetry (DTG) curves. The
analysis was performed on a TG model 20F3 Tarsus device (Selb, Ger-
many), using approximately 7 mg of sample packed in aluminum cru-
cibles. Heating was conducted from 30 °C to 800 °C at a rate of 10 °C/
min in an inert nitrogen atmosphere. The thermograms obtained were
processed using Netzsch Proteus Thermal Analysis software (version
5.2.1).

2.7.8. X-ray diffraction (XRD)

XRD analysis was performed to determine the crystalline phases of
the selected samples. Measurements were carried out using a Bragg-
Brentano diffractometer equipped with CuKa radiation operated at 40
kV and 40 mA. Diffractograms were collected over a 26 range of 5-70°
with a step size of 0.04° s~1. Phase identification and crystallinity (%)
were determined using the Bruker's DIFFRAC.EVA software in combi-
nation with the Crystallography Open Database, where the crystallinity
(%) was estimated using the ratio between the area of the peaks and the
total area of the diffractogram.

2.8. Application of films on salmon fillets

Salmon fillets (Salmo salar) supplied from the local market were
immediately transferred to Laboratory of Food Process Engineering
(Agricultural University of Athens), treated, and packed under aseptic
conditions. More specifically, salmon fillets were cut into slices (3 x 3 x
3 cm, average weight 20 + 2 g), placed into plastic cups (50 mL volume
and 4 cm diameter), sealed with PVC, PC/0, PC/5AL, or PC/5LPs and
stored at 4 °C (Sanyo MIR 153, Sanyo Electric, Ora-Gun, Japan) for 9
days. The packaging materials were disinfected under UV radiation for
20 min, prior to the assay. Sampling was performed daily from day 1 to
day 4, with an additional measurement on day 9 to assess the later-stage
microbial development.

2.8.1. Microbiological analysis

For each sampling time, 10 g of each sample was transferred into
sterile Blender Bags (BagLight® 400 mlL, Interscience) under aseptic
conditions. Sterile Ringer's solution (Condalab) was added to achieve a
1:10 w/v ratio, and the diluted samples were homogenised for 1 min
using a stomacher (BagMixer 400 P, Interscience). Appropriate serial
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decimal dilutions in Ringer's solution were prepared, followed by
plating. The enumeration of total aerobic mesophilic counts (TMC) was
conducted using Tryptic Glucose Yeast Agar (PCA), whereas for Pseu-
domonas spp. and Enterobacteriaceae, Pseudomonas Agar Base with the
addition of CFC (Cetrimide, Fucidine, Cephalosporine) supplement and
Violet Red Bile Glucose Agar (VRBG) (Condalab) were used, respec-
tively. Incubation for both TMC and Pseudomonas spp. was conducted at
25 °C for 48 h, whereas for Enterobacteriaceae was conducted at 37 °C
for 24 h. During Enterobacteriaceae enumeration, only red-purple col-
onies displaying biliary precipitate were measured.

The Baranyi growth model (Baranyi & Roberts, 1995) was used for
microbial growth kinetics modelling, using the software DMFit (IFR,
Institute of Food Research, Reading, UK) for curve fitting (http://www.
combase.cc/index.php/en/).

2.8.2. Sensory analysis

The sensory properties of salmon fillets were anonymously evaluated
by a panel of six trained adult assessors, properly instructed in the
identification of spoilage characteristics in fish fillets (Botta, 1996), all
of whom volunteered. Appropriate forms were prepared using descrip-
tive terms for each sensory parameter (colour, odour and overall
impression), with each sensory parameter scored separately on a 1-9
descriptive scale (1 = lowest quality, 9 = highest quality and 5 = limit of
acceptability) (Tsironi & Taoukis, 2017). Before involvement in the
study, each person gave informed written consent. Participants were
also free to withdraw their consent at any point without needing to
provide a reason. No additional ethical approval was necessary. All
relevant procedures were followed to ensure participants’ rights and
privacy.

2.9. Statistical analysis

A one-way analysis of variance on BSG-based films properties and
shelf-life test of salmon fillets was carried out, followed by a posthoc
analysis (Duncan's multiple range test) using STATGRAPHICS Centurion
293 XVII (Version 17.2.00).

2.10. Analytical methods

Initial moisture was determined by subjecting 2 g of wet BSG in
crucible to drying (105 °C) for 24 h. At the same time, ash content was
determined by heating the samples in a muffle furnace at 575 °C until
incineration (Sluiter et al., 2008a).

Dextrin quantification, expressed as glucan equivalents, was
accessed as reported by Argeiti et al. (2024). BSG aqueous suspension
(1:10 w/v) was prepared and subjected into 40 °C under continuous
agitation on a hot plate stirrer (Witeg Labortechnik GmbH, Germany) for
4 h. Liquid was separated via centrifugation (9000 rpm, 4 °C, 10 min),
followed by the addition of 1 mL commercial glucoamylase (10 U
enzymatic activity) and incubation in a water bath (50 °C for 7 h).

Glucan, xylan, arabinan, galactan, mannan and lignin contents were
carried out after the removal of soluble components (Sluiter et al.,
2008c¢), followed by a two-step hydrolysis process by HySO4 (Sluiter
et al., 2008b).

Glucose, xylose, arabinose, galactose and mannose concentrations
were determined using High-Performance Liquid Chromatography
(HPLC) (Shimadzu UFLC XR system, Japan). The HPLC system was
equipped with a Phenomenex Rezex ROA-Organic acid H' column (300
mm x 7.8 mm) and a refractive index detector (Shimadzu, Japan). The
column was set at 65 °C for the analysis, and a 10 mM H3SO4 aqueous
solution was used as the mobile phase for the elution step (flow rate of
0.6 mL/min). Prior to analysis, the samples were properly diluted and
filtered using a PTFE membrane (0.22 pm). Standard curves were
developed using commercial sugars.

Protein content was determined by the Kjeldahl method using a
Tecator digester and a distillation unit (Foss Tecator Kjeltec 8200 Auto
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Distillation Unitand) applying a Nitrogen-Protein Factor of 6.25. Lipid
content was quantified by subjecting BSG in a Soxhlet apparatus for 6 h
using hexane.

BSG phenolic-rich extract was obtained by suspending BSG (1:20 w/
v) in 70% ethanol acidified with 0.1 % v/v HCl (0.1 M). The extract was
ultrasonicated (20 min) and filtered for the separation of the extract. The
filtrate was vacuum-evaporated to remove ethanol and then rediluted
with 10 mL of analytical-grade methanol. Total phenolic content (TPC)
of BSG antioxidant-rich extract was measured using the Folin-Ciocalteu
colourimetric method and identified as mg of gallic acid equivalents
(GAE) per g BSG (Filippi et al., 2021).

3. Results and discussion
3.1. Compositional analysis of brewers’ spent grain

The composition of BSG (% dry basis) is presented in Table 2.
Moisture was 68.5 %, within a typical range of 66-85 % (Argeiti et al.,
2024; Santos et al., 2024). BSG can be described as a lignocellulosic
material, rich in cellulose, hemicellulose and lignin (Ikram et al., 2017),
accounting for almost 50 % of dry biomass (Table 2). The holocellulose
fraction was 38.9 %, mainly in the form of glucan (17.2 %), xylan (15.4
%), and arabinan (4.8 %), followed by galactan (1.3 %) and mannan (0.3
%). Protein and lignin contents were 20.5 % and 9.6 %, respectively,
while lipids, ash and phenolic compounds accounted for 6.3 %, 2.4 %
and 0.5 % GAE, respectively. BSG composition depends on the raw
materials, the beer production process and the additives used during
mashing (Lynch et al., 2016). During brewing, starch is saccharified to
maltose, maltotriose, and dextrins (Lynch et al., 2016). In the present
study, those fractions were defined as dextrin, expressed as glucan
equivalents equal to 21.3 %. BSG protein composition is influenced by
both the beer production process and raw materials, ranging from 14.3
% to 24.3 % (Carvalheiro, 2004; Pinheiro et al., 2019). In contrast, BSG
lignin composition is primarily affected by the raw material, with values
ranging from 8.9 % to 19.4 % (Meneses et al., 2013; Pinheiro et al.,
2019; Rojas-Chamorro et al., 2020).

Proteins in BSG are surrounded by the cell wall, composed of ara-
binoxylans and lignin attached to the cellulose fibrils (Qin et al., 2018),
limiting solvent accessibility. Protein recovery requires cell wall

Table 2
Composition of the brewers’ spent grain in this study and comparison with
compositions found in literature.

Composition (%, This study Literature Reference

dry basis)

Moisture 68.5 £ 0.1 66.0-85.0 (Argeiti et al., 2024; Santos et al.,

2024)

Dextrin® 21.3+0.1 15.9 Argeiti et al. (2024)

Glucan 17.0 £ 1.0 15.2 - (Qin et al., 2018;

20.6 Rojas-Chamorro et al., 2020)

Hemicellulose 21.8 £ 0.7 19.3 - (Argeiti et al., 2024; Carvalheiro,

41.9 2004; Meneses et al., 2013; Pedro
Xylan 15.4 £ 0.3 7.0 - 20.6 Silva et al., 2004; Pinheiro et al.,
Arabinan 4.8 +£0.3 2.6 -6.8 2019; Qin et al., 2018;
Galactan 1.3+0.1 1.3-3.7 Rojas-Chamorro et al., 2020)
Mannan 0.3+0.02 03-1.1
Protein 20.5 + 0.3 14.3 - (Carvalheiro, 2004; Pinheiro
24.6 et al., 2019)

Lignin 9.6 +0.2 8.9-19.4 (Meneses et al., 2013; Pinheiro
Soluble 1.4 +0.01 1.9-55 et al., 2019; Rojas-Chamorro
Insoluble 8.3+0.2 6.7 -17.5 et al., 2020)

Lipids 6.3 +0.7 3.7-11.0 (Argeiti et al., 2024; Ikram et al.,

2017)
Ash 2.4+03 1.2-4.6 (Carvalheiro, 2004; Mussatto &
Roberto, 2006)

Total phenolic 05+0.03 01-20 (Lynch et al., 2016; Socaci et al.,

content” 2018)

@ Expressed as glucan equivalents.
b Expressed as gallic acid equivalents.
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degradation, leading to structural carbohydrate losses (Junttila, 2022).
An efficient biorefinery targets dextrins and holocellulose recovery
before protein separation, to minimise sugar losses. In this context, NTP
pre-treatment followed by enzymatic hydrolysis has been suggested to
maximise sugar release while preserving minimal losses of protein and
lignin fractions (Argeiti et al., 2024).

3.2. Plasma treatment and enzymatic hydrolysis

Fig. 1 presents the process flow diagram proposed in this study. After
NTP pre-treatment, BSG contained mainly 28.5 % glucan, 29.1 %
hemicellulose, 22.4 % protein and 10.1 % lignin. Approximately 80 % of
dextrins were solubilised into plasma liquid, together with protein (13
%). These findings agree with reports that plasma-generated reactive
species promote lignin depolymerisation and protein migration to the
aqueous phase (Devnani et al., 2023; Filippi et al., 2025; Perrocheau
et al., 2005). Enzymatic hydrolysis of pre-treated BSG leads to a
sugar-rich hydrolysate composed mainly of glucose (74.3 %) and xylose
(14.5 %), followed by arabinose (8.1 %), galactose (2.3 %) and mannose
(0.8 %). The hydrolysate was subsequently utilised for BC production
through microbial fermentation (Section 2.5.).

3.3. Evaluation of bio-based films formulation utilising BSG-RS solids

The utilisation of BSG-RS for the formulation of bio-based films was
assessed by testing three different treatments (Fig. 2). Mild acid hy-
drolysis (treatment 1), a conventional pre-treatment for lignocellulosic
biomass, resulted in insoluble residues and a rough surface, even at the
lowest solids concentration (5 % w/v). This outcome is consistent with
previous reports showing that mild acid conditions are ineffective for
lignocellulose substrates, as the lignin content of BSG-RS (16.0 %)
contributes to its recalcitrant structure, rendering this method unsuit-
able for further analysis (Puligundla & Mok, 2021). Organosolv treat-
ment (treatment 2), a method often used to improve lignin
solubilisation, produced films with a smooth surface (De Sousa Nasci-
mento et al., 2021). However, the films exhibited a dark colour and a
persistent acetic acid odour limiting their suitability as a primary
film-forming matrix and restricting their potential use to an additive role
(R. M. Vieira et al., 2025; Zolfaghari et al., 2024).

To further optimise the solubilisation of BSG-RS, protein- and lignin-
rich fractions were recovered and utilised as matrices for bio-based films
formulation (treatment 3). Protein extraction of BSG is challenging due
to the strong association between proteins and lignin within the sub-
strate (Qin et al., 2018). The recovered protein-rich fraction (BSG-PC)
exhibited a protein purity of 52.8 %, as well as lignin and ash contents of

Plasma liquid

t

Non-thermal air

Dextrins: 21.3%
Glucan: 17.6%
Hemicellulose: 21.8%

Ko
Alkaline extraction at pH 10, 2 h, 60°C.
1:10 w/w, 1.5 M NaOH, 140 °C for 3 h.

ibacter sucroferi , static batch culture.

AR o

Enzymatic

Lignin: 9.6% BSG —» plasma Ivdrolysis 2 —> BSG-RS Protein: 26.6%
Protein: 20.5% treatment ! yaroy: Lignin: 16.0%
inids: 6.39 .
Lx;:d;: g.i nf Gl Jase i l l Lipids: 4.8% o .60
S0 2.57 | Hemicellulose: 29.1% . % . Hemicellulose: 31.3%
Protein: 22.4% Pretreated BSG Sugars Protein recovery * —» BSG residues Protein: 13.0%
Lignin: 10.1% Lignin: 19.0%
Lipids: 6.7%
Ash: 2.7%
BC production ? BSG-PC Delignification ®
Conditions 4 grif
1. 100 g/L, 200 V, 20% DC, 1000 Hz, 30 min. l
Commercial enzymes, 100 g/L, pH 5.0, 50°C, 48 h. Lignin
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Treatment 1 — mild acid hydrolysis
C

Treatment 2 — organosolv treatment

80% v/v 90% v/v

Treatment 3 — alkaline treatment

y
Fig. 2. Films formulations from different treatments of residual solids of
brewers' spent grain (BSG-RS). Treatment 1 — mild acid hydrolysis with initial
concentrations of (A) 5 % w/v, (B) 7.5 % w/v, and (C) 10 % w/v; Treatment 2 —
organosolv treatment using (A) 70 % v/v, (B) 80 % v/v, and (C) 90 % v/v acetic
acid solution; Treatment 3 - alkaline treatment with 3.5 % w/v protein
concentrate from brewers' spent grain (BSG-PC), 30 % glycerol, 1 % tween 20;

(A) without bacterial nanocellulose (BNC), (B) 5 % w/w BNC, and (C) 10 % w/
w BNC.

36.6 % and 9.8 %, respectively. These results are in accordance with
another study that recovered a protein-rich fraction via alkaline treat-
ment directly from BSG (Qazanfarzadeh et al., 2024).

BSG-PC was used as the raw material to produce bio-based films
without a plasticiser, resulting in a rigid, brittle structure. The incor-
poration of a plasticiser reduces protein-protein interactions, thereby
improving film flexibility and dispersibility (Calva-Estrada et al., 2019).
The incorporation of 30 % glycerol (w/w, protein-basis) led to a more

Glucan: 20.8%
Hemicellulose: 28.3%

Fig. 1. Biorefinery development of brewers' spent grain (BSG) following the selection of Treatment 3 for BSG-based packaging film formulation. RS, residual solids;

PC, protein concentrate; BC, bacterial cellulose.
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uniform material, though it remained brittle and dark (Fig. 1, treatment
3A). To further improve structural properties, BNC was incorporated as
a reinforcing agent at 5 % and 10 % (w/w, protein-basis), based on
previous studies reporting enhanced mechanical strength in bio-based
films (Efthymiou et al., 2022a; Sarafidou, Tsouko, et al., 2025). Incor-
poration of 5 % BNC resulted in visually lighter, more uniform films,
while higher BNC levels further reduced their dark colour, possibly due
to improved polymer dispersion.

It is to highlight that the presence of lignin in the BSG-PC not only
enhances the bioactivity of the bio-based films, as reported by Qazan-
farzadeh et al. (2024) playing an important role in improving the films’
functional properties, but also contributes to the full valorisation of all
BSG fractions. For this reason, the selected formulation (Fig. 2, treat-
ment 3C) was further developed by incorporating the lignin-rich fraction
extracted from the remaining BSG residues after BSG-PC recovery. This
fraction exhibited a lignin purity of 64.9 %, and protein and ash contents
of 22.1 % and 10.2 %, respectively. Lignin valorisation as a functional
and reinforcing agent into bio-based films was explored using two forms
(AL and LPs), enabling identification of the lignin type most suitable for
enhancing the bioactivity of the active film formulations. After the
lignin-rich fraction modification step, the formulated LPs had an
average diameter of 746 + 2 nm.

3.4. Characterisation of bio-based films

3.4.1. Films appearance and UV-shielding properties

All formulated BSG-based films exhibited a dark brown colour, as
presented in Fig. 3A. Table 3 shows the colour parameters (L*, a*, and
b*), colour change (AE, AC) and the browning index (BI) values of the
bio-based films produced from BSG-PC and crude lignin fraction. The
dark colour was primarily attributed to the BSG-PC matrix's intrinsic
brown colour. Still, significant impact of the film's colour was observed
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when lignin was incorporated. The presence of chromophore groups in
BSG-PC, due to its lignin content, also contributes to the film's dark
appearance (Y. Zhang & Naebe, 2021). Similar brown colour of
BSG-based films have been reported in the literature (Oztuna Taner
et al., 2023; Proano et al., 2020; Shroti & Saini, 2022).

Regarding the appearance of the lignin-loaded films, there was no
clear trend regarding the colour parameters with increased lignin
addition (Table 3). In the case of AL, lightness (L*) was affected, with
slight differences between the studied AL concentrations (ranging be-
tween 22.77 and 25.45). A similar trend was observed for the redness
(a*) and yellowness (b*) of the AL-loaded films (9.89 to 13.16 and 4.43
to 6.28, respectively). AE and BI values of PC/15AL were slightly lower
compared to PC/5AL, without significant differences (p-value < 0.05),
whereas 10 % AL addition led to AE increasing (2.84) and BI decreasing
(5.63) (p-value > 0.05). A similar trend was observed with AC values,
with significant alterations between the different AL concentrations
(1.32-2.41) (p-value < 0.05). The incorporation of LPs into the matrix
led to a decreasing trend in L*, with PC/15LPs showing the lowest value
of 20.48. Modifications on a* and b* were also observed (ranged be-
tween 7.27 to 13.50 and 3.59 to 6.63), without a clear trend on higher
LPs concentrations (p-value < 0.05). The colour changes affected the
AE, AC and BI values of the bio-based films, ranging from 2.65 to 5.11,
2.39 to 5.11 and 3.88 to 8.18, respectively.

Colour changes have been previously observed in bio-based films
with the addition of different lignin concentrations (Rojas-Lema et al.,
2023; R. M. Vieira et al., 2025). Colour modification in lignin-loaded
films at higher concentrations is likely linked to the intrinsic dark
colour of lignin and the increased overall lignin content in the matrix. In
LPs-containing films, some particle clustering is visible at elevated
loadings (Fig. 3A), which can locally intensify colour, but this effect
appears only when the concentration is sufficiently high. Similar
concentration-dependent darkening has been reported in other
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Fig. 3. A. Films appearance, B. UV-vis transmittance spectra, C. ATR-FTIR spectra of raw materials, D. ATR-FTIR spectra of brewers' spent grain (BSG)-based films,
and E. Selected strategy for BSG-based films and proposed interactions between their components on the selected formulations (PC/0, PC/5AL and PC/5LPs). PC;

protein concentrate; AL, alkaline lignin; LPs, lignin particles.
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Table 3
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Colour parameters, optical properties and antioxidant activities of the bio-based films from brewers’ spent grain.

Film L* a* b* AE AC BI Transparency DPPH inhibition% ABTS inhibition%
PC/0 2427 £0.32°  12.29 + 0.40°  4.57 £ 0.04> - - 71140269 5114+012¢9  39.79 + 0.49° 38.20 + 1.00°
PC/5AL 24.13 £0.03° 1299 +0.28° 628 +0.17¢ 1.86+0.25" 1.86+025" 7.88+0.22 317 +0.40°  40.00 + 4.82° 41.03 + 2.73%
PC/10AL  22.77 +0.13" 9.89 +0.15°  4.43+0.07° 2.84+0.10° 241 +0.15° 563+0.11°  3.63+0.57°  43.29 + 1,23 44.93 + 1.00°
PC/15AL  25.45+0.14% 1316 £0.17¢ 556+ 0.16° 1.77 +0.26° 1.32+0.23" 776 £0.13° 478 +0.219  44.66 + 0.01™ 45.26 + 0.99"
PC/5LPs 2542 +0.35¢ 1350 £0.327  6.63+0.27° 2.65+0.49° 239+039° 818+024" 041 +0.68  47.22 £ 049° 46.32 + 1.45°
PC/10LPs  24.54 + 0.32° 7.27 £0.21*  359+0.16® 512+0.22° 511 +0.21° 3.88+0.13"  1.26+0.57°  45.65 + 0.41" 45.12 + 0.71°
PC/15LPs  20.48 + 031? 827 +0.13"  455+0.11° 553+0.28  4.02+0.13%9 474+008"  1.52+0.40°  41.36 + 0.74° 45.59 + 0.91°

Statistically significant differences are illustrated by means followed by different letters in the same column (p-value < 0.05). PC, protein concentrate; AL, alkaline

lignin; LPs, lignin particles.

lignin-based biopolymer films (L. Silva et al., 2024; W. Zhang et al.,
2022).

Light transmission spectra at selected wavelength range (200-800
nm) and transparency values of the BSG-PC-based films are presented in
Fig. 3B and Table 3, respectively. Whereas transparency is a favourable
characteristic of food packaging materials, it is associated with low UV
barriers and, thus, reduced food protection against oxidative deterio-
ration (Basbasan et al., 2022; X. Li et al., 2025). In the present study, all
the formulations present strong UV-shielding properties (<0.6 % UV
transmittance) (Fig. 3B) and low transparency values (Table 3). PC/0
showed a transparency of 5.11 %. The incorporation of AL reduced the
transparency by up to 38 %, whereas the addition of LPs further reduces
the transparency (up to 92 %), with final values ranging from 0.41 % to
1.52 %. These results align with previous reports demonstrating that
lignin acts as an effective reinforcing agent in bio-based films, contrib-
uting UV-shielding properties (Wang et al., 2021).

3.4.2. Antioxidant properties

The antioxidant activity of the bio-based films (0.5 g/L film solution)
is presented in Table 3, determined by their ability to scavenge DPPH
and ABTS radicals (DPPH and ABTS inhibition%). PC/0 demonstrated a
strong DPPH inhibition of 39.79 %, probably due to the presence of
chromophore groups on the BSG-PC, such as phenolic and ketone
(Zhang & Naebe, 2021). Addition of 5 % and 10 % AL increased DPPH
inhibition to 43.29 %, without significant differences (p-value > 0.05).
Further AL addition (15 %) slightly decreased the DPPH inhibition
(41.36 %), without significant differences with PC/10LPs (p-value <
0.05). Comparing the 5 % addition of lignin using the different forms,
PC/5LPs have significantly higher antioxidant activity (47.22 %)
compared to PC/5AL (40.00 %) (p-value < 0.05).

In the ABTS assay, the control film (PC/0) exhibited an ABTS inhi-
bition of 38.20 %. Incorporation of AL increased the radical scavenging
activity, reaching 44.93 % and 45.26 % for PC/10AL and PC/15AL,
respectively, which were significantly higher than PC/0 and PC/5AL (p-
value < 0.05). Films containing LPs also showed enhanced ABTS inhi-
bition. PC/5LPs presented the highest antioxidant activity (46.32 %),
while PC/10LPs and PC/15LPs exhibited similar inhibition values
(45.12 % and 45.59 %, respectively), without significant differences
among them (p-value > 0.05). Overall, the ABTS results follow a similar
trend to the DPPH assay, confirming that the incorporation of lignin
improves the radical scavenging capacity of the films.

Overall, the presence of functional groups such as phenolic hydroxyl
groups affects lignin's antioxidant activity. In contrast, lignin's physical
morphology also affects the surface area available for reaction during
analysis (L. Silva et al., 2024). In this regard, the modification of BSG
lignin to particles induces a molecular rearrangement, in which hydro-
philic OH groups are oriented toward the particle surface, accompanied
by a reduction in lignin size. This modification increases the accessibility
of functional groups, thereby enhancing antioxidant and UV-shielding
performance of lignin (Osterberg et al., 2020; Zhang et al., 2019),
which explains the higher antioxidant activity observed for PC/5LPs
compared to PC/5AL.

3.4.3. Structural characterization of BSG-based films

The ATR-FTIR spectra of raw materials (BSG-PC, lignin, LPs and
BNC) and BSG-based films between 4000 and 550 cm L are presented in
Fig. 3C and D. Across all the samples, the transmittance band between
3600 cm~! and 3000 cm™! is characteristic of the O—H and N—H
stretching vibration, whereas the peaks between 2932 and 2851 em?,
represent the C—H stretching vibrations of the molecules
(Jaguey-Hernandez et al., 2023; Qazanfarzadeh et al., 2024; Rojas-Lema
et al., 2023). The peaks around 1028 em~! and 939 em ™! on BSG-PC are
associated with the C-O vibrations and p-glycosidic bonds of the residual
sugars on the molecule. Other main peaks of BSG-PC are located at 1628
em™ !, and between 1520 cm™! and 1454 cm™?, characteristic of C=0
stretching vibration on amide I, and N—H bending/C—N stretching vi-
brations on amide II, respectively (Qazanfarzadeh et al., 2024; Rojas--
Lema et al., 2023). These peaks are almost absent in the lignin spectrum,
being in line with the low protein content of that fraction.

Fig. 3C shows that lignin and LPs presented similar spectral features,
indicating similar structures. However, the formation of new hydrogen
bonds on LPs, as compared with lignin, was observed, evidenced by a
shift of the -OH peak from 3362 em~! to 3292 em ™! (He et al., 2019).
The peaks between 1636 and 1448 em ™! are attributed to C=C skeletal
vibrations, confirming the presence of aromatic rings (L. Silva et al.,
2024; Zolfaghari et al., 2024). Additional shifts in the lignin peaks at
2932 cm™!, 1707 cm™! and 1635 cm™! toward lower wavelengths
(2922 cm™}, 1699 cm ™! and 1595 em ™}, respectively), corresponding to
structural alterations between the C-H, C=0 and C-N groups. Moreover,
the shift of the peaks at 1047 em ™" and 955 cm™! to higher wavelengths
(1061 cm ™! and 980 cm™?, respectively) indicates structural changes in
C—0O—C groups (Qazanfarzadeh et al., 2024). These spectral changes
further confirm that the modification process induces a reorientation of
lignin molecules, exposing hydrophilic -OH groups at the particles sur-
face while retaining hydrophobic groups within the particle core.

The potential interactions between BSG-PC and lignin on the BSG-
based films were investigated in Fig. 3D. The characteristic bands of
BNC at ~1630 cm ™! and 1428 cm ™! (C=0 stretching and C-H bending
vibrations) overlapped with the film matrix signals, making challenging
the identification of their interactions. However, the shift of the -OH
peak on PC/0 (from 3277 em ! to 3286 cm ™) compared to BSG-PC are
related to hydrogen bonds formulated between the polymers
(Rojas-Lema et al., 2023; Sarafidou, Forys, et al., 2025). The shift of the
peak from 1109 cm™! in PC/0 to 1101 cm™! in the lignin-reinforced
films indicates the formation of intramolecular interactions between
BSG-PC and lignin. Similar intramolecular interactions between lignin
and protein have been previously reported by Rojas-Lema et al. (2023).
Increasing the concentration of AL in the film matrix further influenced
the hydrogen bonds interaction, as reflected by the shift of the -OH peak
from 3342 cm ™! to 3329 cm ™, a change probably associated with lignin
aggregation and the formation of more compact microdomains within
the matrix (Shroti & Saini, 2022). In the case of LPs incorporation, a shift
of the peak from 1246 em™! up to 1232 em™! was observed (C=0
stretching vibrations), indicating interactions involving the acetyl group
of lignin (Qazanfarzadeh et al., 2024). This behaviour is in line with the
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structural reorientation during LPs formation, which exposes polar
acetyl groups at the particle surface, enabling them to participate in
hydrogen bonding with functional groups in the protein matrix. All these
spectral modifications demonstrate that both AL and LPs interact with
BSG-PC through hydrogen bonding and other interactions, with their
nature and extent depending on the lignin type and concentration.

3.4.4. Water interaction and barrier properties

Water barrier properties, surface hydrophobicity and wettability are
closely linked to the final application of the films as food packaging
materials. The water interaction properties of the bio-based films are
presented in Table 4. PC/0 showed high water solubility (88.2 %) and
WVP (1.35 x 1078 g/s m Pa), indicating the hydrophilic nature of the
films. Similar WVP and water solubility values were reported on BSG-
based films, ranging between 0.21 x 1071° to 84.9 x 107!° g/s m Pa
and 43.05 % to 89.78 %, respectively (Proano et al., 2020; Qazanfar-
zadeh et al., 2024). WCA of PC/0 was 28.90° (<90°), further enhancing
the hydrophilic behaviour of BSG-PC. Incorporation of AL led to water
solubility up to 91.8 %, without significant differences among the
different AL concentrations (p-value > 0.05). A similar trend was
observed in WVP values, with PC/0, PC/5AL, and PC/10AL showing no
difference, whereas further AL addition led to a slight increase in WVP
(2.15 x 1078 g/s m Pa). This increase is probably associated with lignin
aggregation within the film matrix, which can generate larger void space
(Shroti & Saini, 2022). These observations are in line with the FTIR
results, which indicate modifications in hydrogen bonding in the
PC/15AL formulation. However, a WCA increase up to 39.00° was
observed with the addition of high AL concentrations (10 % and 15 %
AL), probably due to the hydrophobic nature of lignin. The formation of
hydrogen bonds between BSG-PC and AL increased the WCA, as there is
no excess of unbonded hydroxyl groups available for intermolecular
interactions (Priyadarshi et al., 2021; Rojas-Lema et al., 2023). A similar
trend on WVP and WCA was observed on the study of Silva et al. (2023),
who investigated the effect of kraft lignin incorporation (2 %, 4 %, 6 %,
and 8 % w/w, protein-basis) into whey protein isolate films.

Incorporation of LPs modified the water solubility of the films (p-
value < 0.05), without significant differences among PC/5LPs, PC/
10LPs and PC/15LPs (p-value > 0.05). WVP values showed an increasing
trend with LPs addition, with no significant difference with the blank
sample (PC/0) (p-value > 0.05). The slight increase observed at 15 % LPs
incorporation is probably related to excess lignin within the matrix,
where LPs agglomeration reduces film cohesiveness, facilitating the
water vapour diffusion within the matrix (Rojas-Lema et al., 2023). WCA
values decreased significantly when high LPs concentrations were used,
highlighting the hydrophilic nature of LPs. This behaviour is in line with
the FTIR results, which indicate exposure of polar functional groups,
such as acetyl-related C=0 groups, at the LPs surface. Their presence,
combined with LPs agglomeration, creates irregularities on the film
surface, resulting in lower WCA values (K. F. Silva et al., 2023). Thus, AL
and LPs incorporation at low concentrations (PC/5AL, PC/10AL and
PC/5LP) probably act as a binder, forming a compact network, whereas
further addition reduces the interactions with the matrix and makes the
film more hydrophilic.

Table 4
Water interaction and mechanical properties of the BSG-PC-based films.
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3.4.5. Mechanical properties

The mechanical properties of the bio-based films, including tensile
strength, Young's modulus, and elongation at break, are shown in
Table 4. The control film (PC/0) exhibited a tensile strength of 2.3 MPa,
an elongation at break of 3.9 %, and a Young's modulus of 173.9 MPa.
Films rigidity was enhanced by the addition of AL or LPs, as tensile
strength was reduced up to 52.2 %, with unsignificant differences be-
tween PC/0 and PC/15AL (p-value > 0.05). Even at the highest AL
concentration (PC/15AL), the elongation at break was significantly
lower than the control film (PC/0). A different trend was observed upon
incorporating LPs into the BSG-PC matrix. Notably, PC/5LPs showed a
significant increase in elongation at break to 4.8 %, representing a 23 %
improvement (p-value < 0.05), and indicated enhanced film elasticity.
This increase was followed by a decreasing trend at higher LPs con-
centrations of 1.9 % (PC/10LPs) and 0.6 % (PC/15LPs). This decline is in
align with the previous findings (Sections 3.4.3. and 3.4.4.), where
excessive LPs concentration in the matrix was related to the formation of
agglomerates, resulting in a higher number and size of pores
(Rojas-Lema et al., 2023)

The highest Young's modulus value was observed on PC/5AL of
412.5 MPa, highlighting the rigidity of the sample. Further AL addition
decreased Young's modulus, with PC/15AL having no significant dif-
ference with the control sample (PC/0). LPs addition increased Young's
modulus, which ranged between 92.3 and 188 MPa, with PC/10LPs and
PC/15LPs showing no differences with the control (PC/0). Mechanical
properties are similar to those of other studies utilising lignin-rich
biomass (Merino et al., 2021; Moreirinha et al., 2020). Ineffective
incorporation of lignin into polymer matrices resulted in particle
agglomeration or phase separation due to poor interfacial bonding be-
tween the matrix and the filler (Zhang & Naebe, 2021). This interpre-
tation is consistent with the findings from the water interaction
properties, where increasing LPs incorporation led to higher WVP values
(Section 3.4.4.).

Based on the combined physicochemical, barrier, and mechanical
results, PC/0, PC/5AL, and PC/5LPs were selected for further evalua-
tion. PC/0 served as the reference material, whereas PC/5AL repre-
sented the best-performed AL-reinforced formulation, exhibiting the
highest stiffness (Young's modulus) without excessive loss of flexibility
or undesirable water-interaction behaviour. PC/5LPs was chosen
because low LPs loading improved film elasticity and maintained
favourable barrier and surface properties, whereas higher LPs concen-
trations led to structural heterogeneities that negatively affected per-
formance. These three formulations, therefore, represent the most
balanced and functionally relevant candidates for further analysis and
evaluation as packaging materials. The selected BSG-based film formu-
lations and the proposed interactions between their components are
shown in Fig. 3E.

3.4.6. Morphological, thermal, and structural properties of the selected
BSG-based films

The surface and cross-section morphologies of the selected films (PC/
0, PC/5AL, and PC/5LPs) were evaluated by SEM (Fig. 4A). PC/
0 exhibited a smooth, homogeneous surface with a compact, continuous

Film Water solubility (%) WVP (1078 x g/s m Pa) WCA (°) Tensile strength (MPa) Elongation at break (%) Young's modulus (MPa)
PC/0 88.2 + 2.2° 1.35 + 0.24%° 28.90 + 1.93¢ 2.3 +0.24 3.9 + 0.5¢ 173.9 + 13.8°

PC/5AL 87.6 + 2.8° 1.67 + 0.19° 26.66 + 4.77" 1.6 +0.4° 0.5+ 0.1% 4125 + 31.7¢
PC/10AL 90.3 + 3.3° 1.55 + 0.19° 38.46 + 5.62¢ 1.9 + 0.5> 0.8 £ 0.3% 319.1 + 41.6°
PC/15AL 91.8 + 4.0° 2.15 + 0.46° 39.00 + 5.25¢ 2.0 + 0.3 2.6 + 0.5 161.0 + 26.3°
PC/5LPs 47.6 £ 3.1% 1.14 +0.12° 27.12 + 3.81° 1.7 + 0.05" 4.8 £0.5° 92.3 + 7.2

PC/10LPs 48.0 + 6.0% 1.31 + 0.23% 20.79 + 2.43% 1.8 + 0.05™ 1.9 +0.2° 171.6 + 12.4°
PC/15LPs 52.2 + 8.0° 1.53 + 0.38° 19.66 + 2.81% 1.1 4+0.3? 0.6 +0.1° 188.0 + 35.9"

Statistically significant differences are illustrated by means followed by different letters in the same column (p-value < 0.05).
BSG, brewers' spent grain; PC, protein concentrate; AL, alkaline lignin; LPs, lignin particles; WVP, water vapour permeability; WCA, water contact angle.
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Fig. 4. A. Scanning electron microscopy, B. thermal decomposition (TG; solid lines) and derived thermogravimetry (DTG; dashed lines) curves, and C. X-ray
diffraction pattern of the selected BSG-based films (PC/0, PC/5AL and PC/5LPs). PC; protein concentrate; AL, alkaline lignin; LPs, lignin particles.

cross-section, without noticeable cracks, confirming the good film-
forming ability of the BSG-PC matrix (Qazanfarzadeh et al., 2024). In
contrast, PC/5AL showed a slightly rougher surface and a more het-
erogeneous internal structure, with irregularities and micro-domains,
indicating partial AL aggregation within the matrix. PC/5LPs dis-
played a rougher surface and a cross-section containing well-distributed
particulate domains, suggesting better affinity of LPs, in line with the
FTIR analysis. The presence of particle clusters (average size 3.0 + 0.7
pm) within the continuous matrix indicates LP agglomerates formed
during film casting and drying. Such aggregation is commonly observed
in lignin-based systems and reflects the tendency of LPs to cluster within
biopolymer matrices (Boarino & Klok, 2023). Globally, similar
morphological features have been reported in other studies on
BSG-based or lignin-reinforced protein films, where lignin aggregation
leads to heterogeneous microstructures and altered surface topography
(Rojas-Lema et al., 2023; Zadeh et al., 2018; W. Zhang et al., 2022). The
EDS analysis confirmed sodium as the major inorganic element in all
films, originating from the NaOH used to adjust the pH during BSG-PC
solubilisation for film preparation (Fig. S1). Silicon was also detected,
originating from the native BSG (Castro & Colpini, 2021). Sulfur signal
was attributed to the S=0O-containing groups naturally present in the
BNC structure, whereas chloride signal was attributed to residual salts
retained from the recovery process of BSG-PC. In the case of LPs-loaded
films, phosphorus was also detected, consistent with the
phosphate-citrate buffer used during LP formulation.

The TG and DTG curves of PC/0, PC/5AL and PC/5LPs films are
presented in Fig. 4B. The first main degradation step of PC/0 at 221.7 °C
corresponded to the degradation of BNC and glycerol (Rojas-Lema et al.,
2023; Sarafidou, Vlysidis, et al., 2025), followed by peaks at 290.7 °C,
358.7 °C, and 471.5 °C, associated with the degradation of the protein,
lignin and residues, respectively (Gbenebor et al., 2023; Jagu-
ey-Hernandez et al., 2023). The thermal behavior of the films signifi-
cantly changed for PC/5AL and PC/5LPs. The incorporation of 5 % AL
decreased the main decomposition temperatures to 197.3 °C, 279.2 °C,
and 348.8 °C, indicating reduced thermal stability. These shifts reflect
weaker cohesive interactions within the polymer network. Since
BSG-derived lignin normally decomposes at higher temperatures
(333-422 °C) (Gbenebor et al., 2023), the earlier degradation of PC/5AL
indicates that AL disrupts the organisation of the BSG-PC matrix and
weakens cohesive interactions, leading to reduced thermal stability.
Although FTIR confirmed that AL forms hydrogen-bonding and intra-
molecular interactions with BSG-PC, its molecular dispersion and partial
aggregation reorganize the matrix, disrupting chain packing. As a result,
fewer stabilizing bonds must be broken during heating, lowering the
energy required for thermal degradation. This interpretation is
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consistent with the higher WVP values, and the heterogeneous
morphology observed for PC/5AL. In contrast, a significant increase of
the decomposition temperatures occurred by the 5 % LPs addition up to
228.7 °C, 306.7 °C, and 372.4 °C, demonstrating enhanced thermal
stability. This improvement aligns with the structural reorientation
occurring during LP formation, which exposes polar acetyl groups
capable of forming hydrogen bonds with protein functional groups and
promoting local organisation. As a result, LPs act as well-distributed
particulate micro-domains that restrict chain mobility and increase the
energy required for thermal degradation. Enhanced degradation tem-
perature upon LPs addition have been reported in the literature,
attributed to their good dispersion within the matrix, highlighting the
importance of lignin morphology and hydrogen-bond formation in the
thermal performance of biopolymer films (Rojas-Lema et al., 2023).

XRD analysis was performed to evaluate whether lignin incorpora-
tion altered the structural organization of the bio-based films. All dif-
fractograms exhibited broad, low-intensity diffraction peaks typical of
amorphous biopolymer matrices, confirming the absence of long-range
crystalline order (Fig. 4C). A broad peak centered at 20 = 22.5° was
observed in all samples and is attributed to the contribution of Ia crys-
talline domains associated with BNC (Sarafidou, Vlysidis, et al., 2025),
together with the amorphous background originating from the BSG-PC
matrix (Gbenebor et al., 2023). Quantitative analysis showed that
PC/0 exhibited a crystallinity of 49.6 %, consistent with the amorphous
nature of BSG-PC (Ribeiro-Sanches et al., 2026). The addition of AL
reduced crystallinity to 42.3 %, suggesting that AL interferes with the
local ordering of BSG-PC chains, likely due to its molecular dispersion
and disruption of intermolecular packing. These morphological features
are consistent with the SEM microstructure and the weaker cohesive
bonding inferred from TG. In contrast, films containing LPs showed a
slightly higher crystallinity (53.0 %), which may be attributed to the
particulate nature of LPs. This interpretation aligns with the enhanced
elongation at break observed for PC/5LPs and with previous studies
reporting morphology-dependent effects of lignin on protein-based films
(Zadeh et al., 2018).

Overall, AL and LPs interact with the BSG-PC matrix through distinct
structural mechanisms. AL forms hydrogen-bonding and other intra-
molecular interactions with BSG-PC, which reorganize the network, and
disrupt the intermolecular packing of the matrix, reducing the main
degradation temperatures and elasticity. In contrast, LPs create well-
distributed particulate micro-domains within the protein network,
enhancing thermal stability, promoting local structural organisation,
and improving matrix compactness.
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3.4.7. Application of bio-based packaging materials on salmon fillets

3.4.7.1. Microbiological analysis. Salmon was selected as a case study
for the application of BSG-based films because of its high nutritional
value, appealing colour, and flavour, and short shelf-life, which is
attributed to microbial spoilage and the oxidation of polyunsaturated
fatty acids (Romero et al., 2022; Yan et al., 2022). In the present study,
salmon fillets were placed into plastic cups sealed with PVC, PC/0,
PC/5AL, and PC/5LPs films to evaluate their packaging performance
(Fig. S2). Fig. 5 represents the microbial growth of TMC, Pseudomonas
spp. and Enterobacteriaceae fitted to the Baranyi Growth Model for the
applied packaging systems. Initial TMC was 5.1 log (CFU/g), indicating
a relatively high microbial load, and the samples entered the exponen-
tial growth phase immediately. The highest microbial growth rate for
TMC was observed in fillets packed with PVC (0.94 days’l), followed by
PC/5AL and PC/0 (0.82 and 0.79 days ™!, respectively; p-value > 0.05)
(Table 5). After 9 days of storage at 4 °C, the highest final microbial load
was observed in salmon fillets packed with PVC (9.59 log (CFU/g)),
followed by PC/0 and PC/5AL (8.60 log (CFU/g); p-value > 0.05).

The microbial growth rate and the maximum specific growth rate
(Nmax) of Pr/5LPs were significantly lower (0.50 days™! and 7.72 log
(CFU/g), respectively), indicating microbial growth inhibition. A similar
trend was observed for Pseudomonas spp., where the lowest microbial
growth rate was reported in the PC/5LPs-packed fillets (0.35 days ! and
7.321og (CFU/g)), followed by PC/5AL (0.47 days’l and 7.19 log (CFU/
g)), with no significant differences (p-value > 0.05). While lignin has
been reported to possess antimicrobial properties and especially LPs
(Luzi et al., 2021), the structural differences between the bio-based films
and the packaging configuration used in this study suggest that the
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Table 5
Kinetic parameters of microbial growth for total aerobic mesophilic counts,

Pseudomonas spp. and Enterobacteriaceae in salmon fillets packed with PVC and
BSG-based films.

k (days’l) Nmax (log (CFU/g)) R?
Total aerobic mesophilic counts
PVC 0.94 + 0.06" 9.59 + 0.12° 0.99
PC/0 0.79 + 0.03" 8.60 + 0.06" 1.00
PC/5AL 0.82 + 0.13° 8.60 + 0.21° 0.94
PC/5LPs 0.50 + 0.06* 7.72 + 0.21% 0.97
Pseudomonas spp.
PVC 0.77 + 0.04° 8.12 + 0.20° 0.91
PC/0 0.74 + 0.11° 8.22 + 0.14° 0.97
PC/5AL 0.47 + 0.07%° 7.19 + 0.19* 0.91
PC/5LPs 0.35 + 0.08% 7.32 + 0.27% 0.93
Enterobacteriaceae
PVC 0.77 + 0.11% 5.62 + 0.24% 0.96
PC/0 0.70 + 0.04* 5.62 + 0.11% 0.99
PC/5AL 0.65 + 0.06% 5.36 + 0.14% 0.98
PC/5LPs 0.61 + 0.12% 5.16 + 0.31% 0.91

Different subscript letters between the same parameter (column) indicate sta-
tistically significant differences (p-value < 0.05). PVC, Polyvinyl chloride (PVC);
BSG, brewers' spent grain; PC, protein concentrate; AL, alkaline lignin; LPs,
lignin particles, microbial growth rate (k), and maximum specific growth rate
(Nmax)-

reduced microbial growth observed here is primarily associated with
headspace-mediated effects rather than direct antimicrobial action. In
the applied salmon storage setup, the films were positioned on the inner
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Fig. 5. Shelf-life (A. Total Aerobic Mesophilic Count, B. Pseudomonas spp. and C. Enterobacteriaceae) and sensory analysis (D. colour, E. odour, and F. overall
impression) of the packed salmon fillets during the 9-days cold storage period (5 °C). PVC (red-dotted line/square), PC/0 (blue-dashed line/circle), PC/5AL (green-
dashed-dotted line/triangle) and PSCLP (purple-solid line/inverted triangle). PC; protein concentrate; AL, alkaline lignin; LPs, lignin particles. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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side of the package lid and did not contact the fish surface; therefore, any
influence on microbial growth likely arises from modifications of the
headspace microenvironment rather than diffusion of active compounds
(Azevedo et al., 2022). In case of Enterobacteriaceae, no significant
differences were observed on either microbial growth rates or maximum
microbial load between Enterobacteriaceae count. The shelf-life of
salmon fillets at 4 °C packed with PVC, PC/0 and PC/5AL was 2 days,
whereas PC/5LPs extended the shelf-life up to 4 days, based on the
acceptability limit of 107 CFU/g (ICMSF, 1986).

The antimicrobial activity of lignin has been previously reported in
the literature (Alzagameem et al., 2019; K. Li et al., 2023), attributed to
phenolic structures capable of inducing oxidative stress, membrane
perturbation, or metabolic interference (Ndaba et al., 2020). In addition
to these intrinsic properties, lignin-containing films have also been
shown to influence the headspace microenvironment during storage
(Mohammad Zadeh et al., 2019). In the present study, the reduced
bacterial growth observed during storage therefore reflects the overall
packaging configuration.

3.4.7.2. Sensory analysis. Fig. 5D-F indicate means of sensory scores for
colour, odour, overall impression of all packed salmon fillets over a 9-
day period of storage at 4 °C. Colour scores ranged between 7.0 and
8.3 during the first 3 days of storage. In contrast, by increasing the
storage time up to 4 days, the colour score decreased up to 5.5-6.8. The
initial odour scores were high (8.0-8.5 on days 0 and 1). After 2 days of
storage, however, the sensory panel detected a transferable lignin-like
odour in samples packed with PC/5L and PC/5LPs, resulting in an
odour score reduction of up to 5.7. Overall, all samples remained within
acceptable sensory limits up to day 4. Nevertheless, the shelf-life as
determined by microbial growth was limited to 2 days for fillets pack-
aged with PVC, PC/0, PC/5L and extended to 4 days for PC/5LPs. These
results indicate that bio-based films can be applied as alternative
packaging materials without compromising product quality, while the
use of PC/5LPs may further extend the shelf-life by an additional 2 days.

4. Conclusions

The effective valorisation of brewing industry side-streams was
demonstrated for the development of bio-based food packaging by using
the major fractions derived from the process. BSG was successfully
converted into a carbon-rich hydrolysate for BC production. At the same
time, the BSG-RS were valorised to recover protein- and lignin-rich
fractions, identified as the optimal route for film formulation. The
recovered BSG-PC served as the matrix for BSG-based films, and the
isolated lignin was incorporated as a functional agent in two forms (AL
and LPs) at 5 %, 10 %, and 15 % (w/w). The produced films exhibited
excellent light-barrier properties (Tgo0 < 2.3 %) and antioxidant activity
(up to 40 % DPPH inhibition). Structural analyses further revealed that
AL and LPs interact with the protein matrix through distinct
morphology-dependent mechanisms that lead to opposite effects on
structural organisation and thermal stability. A shelf-life case study with
salmon fillets confirmed the films’ potential for use in food packaging.
Samples packed with PC/5LPs extended shelf life by two additional days
compared to PVC, PC/0, and PC/5AL (4 days vs 2 days at 4 °C). Overall,
the BSG-derived films demonstrate promising functional and active
properties, supporting their potential use as sustainable alternatives to
conventional plastic packaging. However, films were evaluated under
specific storage and environmental conditions, and broader testing
across different humidity levels, temperatures, and food types would be
needed to confirm their wider applicability. In addition, higher lignin
loadings showed limited compatibility with the protein matrix and did
not enhance mechanical performance, indicating that further optimi-
sation of lignin incorporation strategies is necessary. Future studies
using complementary structural analyses could help elucidate the
microstructural factors underlying this behavior.
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