Open Access Article. Published on 14 May 2025. Downloaded on 12/27/2025 7:19:29 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC

Sustainability

#® ROYAL SOCIETY
PPN OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: RSC Sustainability, 2025, 3,
2680

Received 31st March 2025
Accepted 12th May 2025

DOI: 10.1039/d5su00229j

rsc.li/rscsus

Sustainability spotlight

Degradation investigation and active packaging
performance of cross-linked chitosan film
containing gallic acidt

Jessica R. Westlake,? Edward Chaloner,® Maisem Laabei,® Fotis Sgouridis, © ©
Andrew D. Burrows ° and Ming Xie

We report the fabrication and analysis of a vanillin cross-linked chitosan film containing gallic acid as the
active component. The active packaging material was found to successfully block 100% of UV light and
had good water vapour barrier properties. Cross-linking via Schiff base formation reduced the water
solubility and moisture content of the chitosan films and improved tensile properties, with a force at
break measured as 29.4 + 0.5 N. The material performed well in thermal testing, and we evaluated
a glass transition temperature of 274.0 °C. We determined the successful controlled release of gallic acid
from the composite film using UV-visible spectroscopy over 2 weeks. The material had strong
antioxidant and antimicrobial capacities, reducing >98% of 2,2-diphenyl-1-picrylhydrazyl radicals and
inhibiting the growth of both E. coli and S. aureus. We investigated the degradation of this biopolymer
film in different environments including soil, compost, seawater, UV-light and water. The material
reached over 90% degradation in soil within 12 weeks, rising to complete degradation after 24 weeks.
We also investigated the potential mechanism for the degradation of the chitosan films, showing the
effect of moisture and microbial availability in soil, and the related cleavage of the chitosan backbone via
fragmentation. We determined improved degradation when the active components were released into
solution before testing. Overall, the film has good physiochemical properties, strong antioxidant and
antimicrobial activity and excellent degradation properties. Thus, the presented material is a strong
candidate for future development of sustainable active packaging materials.

To realise the goal reducing plastic pollution and the use of fossil-fuel based materials, next-generation materials derived from natural resources are a vital

development. Waste-valorisation is an increasingly popular area of research, adhering to Sustainable Development Goal (SDG) 12 - focusing on sustainable

consumption and production patterns. Satisfying these requirements, chitosan is derived from chitin extracted from crustacean shells as a byproduct of the
seafood industry. The use of this biopolymer also aligns with SDG 14 - focusing on the sustainable use of marine resources. Our interest with this material
focuses on active packaging, combining chitosan with natural antimicrobial extracts to reduce food spoilage, greenhouse gas (GHG) emissions released by food
waste, and the occurrence of foodborne diseases.

1. Introduction

packaging. To compete on performance with conventional
plastics, these alternative materials must have good mechanical

Bio-based polymers, made partly or entirely from renewable
natural materials, address environmental concerns by reducing
reliance on fossil fuels. The majority (53%) of the current bio-
plastics market is made up of flexible materials, including food
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properties and protect food from water vapour, UV light and
microbial contamination. Bio-based active packaging, specifi-
cally, functions to reduce food waste by prolonging the shelf-life
of food via the release of antimicrobial and antioxidant
compounds or the sequestration of degradation-enhancing
gases. Therefore, these materials aim to increase the sustain-
ability profile of food packaging whilst simultaneously ensuring
the safety of food.

Chitosan is the second most abundant biopolymer after
cellulose; it is non-toxic, antimicrobial and is approved as a food
ingredient by the Food and Drug Administration (FDA). There-
fore, composite materials of chitosan are promising for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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packaging development. Chitosan is produced by the deacety-
lation of chitin, which is extracted from crustacean shells, fungi
cell walls or insect exoskeletons. Between 15 and 40% of the
composition of crustacean shells is chitin, and other parts
including minerals and proteins can be valorised as animal
feed, pigments and food supplements.>® When waste crusta-
cean shells from the seafood industry are used as the source for
chitosan, this can be considered as marine biomass valor-
isation.* Indeed, crustacean shells are the source used for the
industrial-scale production of chitosan.®

Research on optimising the extraction process of chitosan is
prevalent in the literature due to the current associated costs
acting as a barrier to larger scale commercialisation of chitosan-
based packaging materials. Furthermore, research is being
carried out on optimising the sustainability of the extraction
process, adhering to the principles of green chemistry.® Rocha-
Pimienta et al. recently described their optimisation of chitosan
extraction from fishery waste, achieving over 20% yield of chi-
tosan and concluding that their method could be implemented
in industry to reduce costs.”> Furthermore, Suresh et al. utilised
a proteolytic bacterium Stenotrophomonas koreensis to extract
chitin from fish scale waste with a yield of 28%.” Overall, the
implementation of a marine biorefinery with improved yields
and ‘green’ chemical strategies, in accordance with the United
Nations Sustainable Development Goals, will allow for larger
scale commercialisation of chitosan-based materials.*

Natural chitosan biopolymer has a high tendency for
hydrogel formation and so cross-linking is often used to reduce
water-sensitivity and swelling, whilst improving mechanical
and barrier properties.® Cross-linking can also optimise the
controlled release of active compounds from within the polymer
matrix by reducing diffusion pathway lengths. Previously,
chemicals such as formaldehyde and glutaraldehyde have been
used to cross-link chitosan. However, more recently there has
been a movement towards the use of naturally derived, ‘green’
cross-linkers. Citric acid is commonly used in this context and
has been demonstrated to improve water resistance, thermal
stability, mechanical strength and barrier properties of chitosan
films.>® Quercetin, which can be extracted from onion waste,
has also been utilised as a cross-linker for the release of anti-
microbial drug compounds in a biomedical setting.'® Further-
more, Tomadoni et al. utilised response surface methodology to
determine the optimal film formation content of vanillin as
a cross linker for potential use as a food packaging material."*
Another study by Zhang et al. reported the enhancement of
mechanical properties of chitosan via vanillin mediated cross-
linking, with a content of 0.5-10% vanillin."> The group re-
ported an increase in tensile strength of over 50% and a reduc-
tion in water vapour permeability."> Although cross-linking has
been used repeatedly as a technique to elicit controlled release
in the literature, this is more common in a biomedical context,
with fewer studies incorporating this technology for active
packaging. Overall, cross-linking can be utilised to optimise the
properties of chitosan films for active food packaging materials.

Potent antioxidant and antimicrobial properties are vital for
successful active packaging materials, reducing food spoilage
via lipid oxidation and microbial contamination. Green tea
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extract contains gallic acid, epigallocatechin gallate and 7 other
major catechins, which are responsible for its antioxidant and
antimicrobial properties. Green tea extract is inexpensive and
readily available with many low-intensity extraction methods.*
For this reason, it has been widely used in recent active pack-
aging literature, in combination with many polymers including
chitosan, and materials have been evaluated on different
foodstuffs.*"” Gallic acid is a phenolic component of green tea
extract and is naturally occurring in many foods and other
plant-based sources. Gallic acid has potent antioxidant, anti-
microbial and antifungal properties and so holds strong
potential for food preservation in sustainable packaging mate-
rials.”® Moreover, incorporating gallic acid can improve other
properties including mechanical strength, permeability and UV
barrier properties.' Therefore, gallic acid can be considered as
a safe, natural and potent antimicrobial compound with strong
potential when combined with polymers to form active pack-
aging materials.

Many polymers are termed as biodegradable in the litera-
ture. However, the degradation rate and capacity vary greatly
between different polymers and degradation environments.
Biodegradable plastics break down into natural substances
through the action of microorganisms, though definitions,
conditions and timeframes are often not comparable between
different studies. In Europe, for a plastic to be certified as
‘compostable’, a subset of biodegradable plastics, 90% of the
material must breakdown into pieces smaller than 2 mm size in
12 weeks compost environment. Recent policy- and public-
driven initiatives have heightened the need to scale-up
sustainable packaging materials with the ability to preserve
perishable foods and degrade within a suitable timeframe.* To
this end, degradable active packaging materials aim to address
the environmental concerns with plastic waste as water and
land pollution, arising from food-contaminated plastics and
thin film plastics which are not easily recyclable. Chitosan is
a natural polymer and therefore has a chemical structure which
can be broken down by enzymes such as lysozymes, which are
ubiquitous in nature.” Chitosan has a good biodegradation
capacity, indeed De Carli et al. reported the fast degradation of
chitosan-propolis extract films in soil, reporting complete
dissolution after 15 days.*

The aim of this study was to elucidate the degradation
performance of cross-linked chitosan-gallic acid films in
different environments. The biopolymer composite material
was tested using a suite of analytical characterisation tech-
niques including the evaluation of tensile properties, barrier
properties, antimicrobial properties and an investigation into
the controlled release of gallic acid. Overall, our results show
that this material is an effective degradable, active packaging
material with potential for further development.

2. Materials and methods
2.1. Chemicals

High-molecular weight (HMy,) chitosan sourced from crusta-
cean shells (310-375 kDa, >75% degree of deacetylation),
vanillin, gallic acid, 2,2-diphenyl-1-picrylhydrazyl (DPPH)
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radical, glycerol and ethanol were purchased from Sigma-
Aldrich. Reagent-grade glacial acetic acid was obtained from
Alfa Aesar. Unless otherwise specified, deionised water was used
to prepare all aqueous solutions.

2.2. Preparation of active films

The synthetic method was adapted from a method described in
our previous report.”* 3% (w/v) HMy chitosan was dissolved in
1% (v/v) aq. acetic acid at room temperature (RT) under
magnetic stirring with 50% (w/w) glycerol and 37.5% (w/w)
vanillin. After 18 h, 20% (w/w) gallic acid was added in
ethanol (<5 mL). After 3 h, the solution was filtered through a 30
pm nylon net filter (Merck Millipore) under vacuum to remove
impurities. The solution was then degassed and cast onto
a glass plate. The film was left to evaporate solvent for 48 h at RT
to afford a transparent yellow film which was denoted as
CVGGA.

2.3. Characterisation of films

Prior to any characterization and between analyses, all films
were equilibrated in a desiccator at 25% RH and 25 = 1 °C. At
least three samples of the film were prepared, and selected
analyses were carried out on films from different experimental
series. Laboratory conditions were 25 + 1 °C and 35% RH. The
thickness of each film was measured using a digital micrometer
(Fowler Precision) with a precision of £0.5 pm. An average was
calculated using eight measurements of thickness, and the
standard deviation of each value was calculated.

2.4. Fourier transform infrared (FTIR) spectroscopy

A Bruker Invenio S Fourier transform infrared spectrometer was
used to record the spectra of the dried films and individual film
components. The spectral resolution was 4 cm ™', and 40 scans
were acquired for each spectrum (4000-400 cm™ ‘). The FTIR
spectra of the samples were acquired directly.

2.5. Film microstructure

The film microstructure was characterized using field emission
scanning electron microscopy (Jeol 7900, Japan) with 5 kv
acceleration voltage under high vacuum. The samples were
mounted on aluminium stubs with double-sided carbon tape,
placed into a vacuum chamber for 18 h and sputter coated with
10 nm of chromium before imaging. Cross-sectional images
were obtained by freeze-fracturing samples in liquid nitrogen
prior to mounting. Magnification levels used ranged from 1000
to 100 000 x.

2.6. Colour measurements

A colourimeter (Fru WR-10QC) was used to measure the L*
(lightness/darkness), a* (redness/greenness), and
b* (yellowness/blueness) values of the surface of chitosan films
over time. Each film was measured at a minimum of five
stochastic points to calculate the average and standard devia-
tion and measurements were taken using a white paper back-
ground. Between measurements, samples were left uncovered
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in an open-air environment. The yellowness index (YI) was
calculated using the following equation:

14286 x b*

YI e (1)

2.7. Opacity

The absorbance of the films was measured at 600 nm using
a Cary-100 UV-visible spectrometer (Agilent Technologies) with
an empty quartz cuvette run as a control. The absorbance of the
quartz cuvette was deleted from the final absorbance value. The
opacity of chitosan films was then calculated using the
following equation:

absorbance at 600 nm(AU)
film thickness(mm)

Opacity = (2)

2.8. UV blocking

The transmittance of chitosan films was measured between
200 and 800 nm using a Cary-100 UV-visible spectrometer
(Agilent Technologies). An empty quartz cuvette was run as
a control.

2.9. Differential scanning calorimetry (DSC)

DSC analysis was performed using a DSC Q20 build 124 (TA
Technologies, USA). Samples were heated at a rate of 10 °©
C min~" from 25 °C to 300 °C under a nitrogen atmosphere at

a flow rate of 20 mL min ™.

2.10. Thermogravimetric analysis (TGA)

TGA measurements were carried out on a Setsys Evolution TGA
16/18 thermogravimetric analyser (Setaram, Switzerland).
Thermal degradation was performed in an atmosphere of argon
up to 600 °C with a heating ramp of 10 °C min~'. Samples of
10-15 mg were used. Weight loss calculations were carried out
for each step of degradation, and the moisture content was
evaluated from the mass loss via moisture evaporation at
105 °C.

2.11. Mechanical properties

A texture analyzer (INSTRON 3369) with a 100 N load cell was
used to measure the tensile properties of chitosan films
according to the ASTM D882 method.*” Pneumatic grips were
used to clamp the films using a pressure of 4 bar. The initial
grip separation and velocity were adjusted to 100 mm and 12.5
mm min~ ", respectively. The values of force and distance were
recorded during the extension of the biopolymer film strips. 5
samples of each film were analysed to calculate the average and
standard deviation. The elongation at break, tensile strength,
Young's modulus, and force at break values were determined
for each sample. The thickness for samples was determined as
68 + 2.7 pm.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.12. Moisture content and water solubility

Squares of film samples in triplicate were weighed (m,) and
dried in an air circulating oven (Lincat, U.K.) at 105 + 2 °C until
they reached a constant weight (m;). The dried samples were
immersed in 20 mL deionised water for 24 h. The samples were
dried in the oven at 105 + 2 °C for 2 h and reweighed (m,). The
moisture content and water solubility of the films were calcu-
lated according to the following equations:

my — n

Moisture content(%) = x 100 (3)

My

11— my

Water solubility(%) = m x 100 (4)

ny

2.13. Water contact angle measurements (6)

Water contact angle measurements were carried out using the
sessile drop method in air at RT. Droplets of distilled water (5
uL) were dispensed with a precision syringe onto the horizontal
film surface using an OCA 25 instrument (DataPhysics, Ger-
many). Still images were obtained, and the water contact angle
was recorded immediately and in triplicate using SCA 20
module base software.

2.14. Water vapour permeability (WVP)

The WVP of chitosan films was determined using a gravimetric
method.>*** A permeability cup (Elcometer 5100 Payne Cup: 30
x 30 cm) was filled with water, leaving >5 mm of headspace. The
film sample was placed on top and secured with a watertight
ring and screws. The cup was placed in a desiccator containing
silica beads to maintain a low humidity environment. The mass
loss of the cup was recorded using an analytical mass balance at
regular intervals over 72 h, alongside recordings of the
temperature and relative humidity (RH). Slopes of the weight
loss versus time curves for CVG and CVGGA films were deter-
mined via linear regression (R* > 0.98) (Fig. SI, ESIT). The water
vapour transmission rate (WVTR), water vapour permeance,
and WVP were calculated according to eqn (5)—(7) respectively.?
The set-up for WVP measurements can be found in the ESI

(Fig. S2).%

WVTR(g s m?) = ﬁ(i)(mz) ©)
Permeance(g s m™” Pa™') = % ©)

WVP(g s m™ Pa') = permeance x thickness(m)  (7)

where Aw/At is the flux measured as mass loss of the cell per
unit time, m” is the actual exposed area determined by the
mouth cup diameter, A is the area of the film exposed to water
and AP is the water vapour pressure difference across the film,
based on the average test temperature and RH, assuming a full
water vapour saturation in the headspace.”>*®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.15. Release kinetics and migration

A method adapted from our previous research was used to
measure the release of gallic acid from chitosan films.** Film
samples were cut and weighed (79 + 7 mg) before being
submerged in 20 mL of food simulant (95% (v/v) ethanol in water)
in closed containers. A Cary-100 UV-vis spectrometer (Agilent
Technologies) was used to determine the concentration of gallic
acid (measured at 274 nm) released into an aliquot of food sim-
ulant at regular time intervals up to 312 hours. After each reading,
the film was removed from the simulant and placed into the same
volume of fresh simulant to allow for a cumulative reading. All
readings were taken in triplicate. Calibration curves were recorded
and used to calculate the amount of gallic acid and vanillin
released over time (Fig. S3, ESIf). The migration of gallic acid
from CVGGA films was measured using UV-visible spectroscopy.
Films (50 &+ 5 mg) were submerged in 10 mL of a food simulant
(deionised water, 50% (v/v) ethanol-water or 95% (v/v) ethanol-
water) for 288 h before measurement at 274 nm.

The release kinetics of gallic acid from the chitosan-vanillin
matrix were fit to zero- and first-order kinetics (eqn (8) and (9)).
The kinetics were better described using the Korsmeyer-Peppas
model (eqn (10)) the Higuchi model (eqn (11)) and the
approximation derived from Fick's second law (eqn (12)). For
both eqn (10) and (12), the approximation can only be used for
values of M,/M., < 2/3. For eqn (12), the plot of M,/M., versus t**
results in a linear curve with slope & (eqn (11)).>”"*° The diffusion
coefficient (D) for burst release was calculated by rearranging
eqn (13). The kinetic constants were determined in each case,
and the R? values of each mathematical fitting were compared.

M, — My = kt (8)
kt
log M[ :10g Mo— m [9)
M, "
M Kgpt (10)
M, Kyt (11)
0
M, o i Dxt 172 (12)
M, L\ w
4 (D\"?
= (= 1
= (w) (13)

where M; is the mass of the active compound at time ¢ in hours,
M, is the mass at t = o, k is the kinetic constant for zero- or
first-order kinetics, Kxp is the kinetic constant for the Kors-
meyer-Peppas (KP) model, n is the diffusion or release exponent
for the KP model, M,/M, is the fraction of drug released at time
t, Ky is the Higuchi kinetic constant, L is the thickness of the

film in cm, and D is the diffusion coefficient in m* s™*.

2.16. Antioxidant and antimicrobial properties

2.16.1. Antioxidant activity (DPPH). The antioxidant activity
of chitosan films was evaluated using the 2,2-diphenyl-1-

RSC Sustainability, 2025, 3, 2680-2695 | 2683
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picrylhydrazyl (DPPH) radical method.*® Films were cut to
approximately 3 x 3 cm (161 + 8 mg), submerged in 10 mL
ethanolic DPPH solution (0.784 mg mL™') and shaken. The
absorbance was measured after 30 min at 517 nm using a Cary-100
UV-visible spectrometer (Agilent Technologies). The absorbance of
the diluted DPPH solution without the films was measured as
a control. The radical scavenging activity was expressed as
a percentage of DPPH quenching using the following equation:
AS

Af
% In= 2075

1
h 00

(14)
where % In is the percentage of DPPH radical inhibition, 4, is
the absorbance of the blank sample, and A is the absorbance of
the sample.

2.16.2. Bacterial growth conditions and assessment of
antimicrobial activity. Staphylococcus aureus strain SH1000 was
incubated on tryptic soy agar at 37 °C for 18 h. Escherichia coli
strain DC10B was grown on Luria-Bertani agar at 37 °C for 18 h.
Compounds of interest were tested for antimicrobial activity
with zones of inhibition (ZOI) and minimum inhibitory
concentrations (MIC) determined via agar diffusion and broth
microdilution according to viscosity and adapted from Clinical
and Laboratory Standards Institute methods.** In summary,
bacterial cultures were separately inoculated in 2 mL Mueller-
Hinton broth (MHB) and incubated shaking at 180 rpm at 37 °C
for 18 h. Overnight cultures were sub-cultured in MHB and
grown to exponential phase by shaking at 180 rpm at 37 °C till
they reached an absorbance (ODgy, nm) of 0.5-0.6.

For determination of ZOI, Mueller-Hinton agar plates were
spread with approximately 5 x 10> CFU mL ™" from aliquots of
0.5 McFarland standardised inoculum to generate bacterial
lawn plates. Samples were plated at a uniform concentration of
30 mg mL " either being aliquoted (50 puL) onto 6 mm diffusion
disks or in membrane preparations and incubated at 37 °C for
18 h. ZOI were measured to ascertain antimicrobial activity. For
determination of MIC, bacterial sub-cultures were diluted in
MHB to an ODgy, nm of 0.01 and added to a 96-well round
bottom microtiter plate. Samples were added to cultures
creating a concentration gradient along the plate with a final
concentration range of 0-30 mg mL ™. Plates were incubated at
37 °C for 18 h, before calculating MIC values.

2.17. Degradation studies

2.17.1. Film degradation. Film samples were weighed to
determine their initial mass before burying or submerging in
different degradation environments. In the laboratory, samples
were tested for their degradation in (i) soil obtained from the
University of Bath campus held within a container, (ii) seawater
(150 mL) collected from Devon, U.K., (iii) autoclaved (Priorclave
PS/RSV/EH350) soil from the University of Bath campus and (iv)
deionised water (150 mL). Film samples were also submerged in
50 mL of 95% (v/v) ethanol-water simulant for 24 h and rinsed
with deionised water before degradation studies in soil as
a comparison. Outside, films were tested for their degradation in
a home compost bin (Blackwall 220 L Black Compost Converter,
Get Composting) filled with compost (Miracle-Gro Peat Free All-
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Purpose Compost), soil from the University of Bath, fruit and
vegetable waste, leaves and manure (Westland Farmyard
Manure). The temperature of the compost bin was measured
using a temperature probe (WVR) at 7.1-32.3 °C. The samples
were also tested outside between May and August (2024, Bath) for
their UV degradation in sunlight. In each instance, the film
samples were buried >2 cm below the soil or compost surface.
Images of the degradation set-ups can be found in the ESI
(Fig. S4).7 The studies follow the procedure reported in our
previous work, laboratory degradation samples were stored at RT
in an open-air environment and for all degradation experiments,
masses were taken at various intervals of degradation, usually 4,
8, and 12 weeks.”* Prior to weighing, degraded samples were
briefly rinsed with deionised water and dried in an air-circulating
oven (Lincat, U.K.) at 65 £ 5 °C for 1 hour. In each case, the
moisture content of the polymer film was considered when
calculating percentage mass loss during degradation studies. All
experiments were carried out at ambient temperature and
aerobic conditions were maintained using regular mixing of soil
samples. The pH values for seawater and soil were determined
using a pH meter (HACH HQ40d multi meter).

2.17.2. TGA-MS. TGA-MS measurements were carried out
from 25-600 °C under an atmosphere of nitrogen at a temper-
ature ramp of 10 °C min~" using a TA Instruments STD 650
machine. A Hidden HPR20 was used to provide evolved gas
analysis (EGA) using mass spectroscopy, with a mass range of 1-
250 amu. The large peak observed in the data at 28m/z is due to
the N, purge gas. EGA values were normalised against results
for an empty furnace for pyrolysis data.

2.17.3. DSC-UV. DSC-UV measurements were carried out
isothermally at room temperature for 120 minutes under a UV
lamp (wavelength range = 320-500 nm, intensity range 20-100
mW cm %) using a TA Instruments Discovery DSC 250 machine. An
atmosphere of compressed dry air was utilised for measurements.

2.17.4. Total organic content. Samples were prepared for
organic carbon analysis by following the HCI acidification
method for the removal of carbonates according to Hedges and
Stern (1984).*> Subsequently, the acidified samples were ana-
lysed with an elemental analyzer (EA) (Vario PYRO Cube; Ele-
mentar Analysensysteme GmbH, Hanau, Germany). The EA was
calibrated with sulphanilamide (N: 16.26%, C: 41.81%), the
precision for carbon as a relative standard deviation was <5%.

2.18. Statistical analysis

Experimental data obtained were usually recorded in triplicate
as a minimum and presented as mean values and the corre-
sponding standard deviation (SD) and error bars when calcu-
lating standard error. Post hoc tests were carried out using the ¢-
test with a one-tailed distribution. In all analyses, differences
were accepted as significant when p < 0.05.

3. Results and discussion
3.1. Chemical structure

Vanillin cross-linked chitosan films containing gallic acid are
denoted as CVGGA, where ‘C’, ‘V’, ‘G’ and ‘GA’ represent

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(. Schiff base
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I- - Chitosan chains
L. Hydrogen bond

Fig. 1 Schematic of the synthesis of CVG cross linked films and the cross-linking mechanism.

chitosan, vanillin, glycerol and gallic acid, respectively. There-
fore, CVG denotes the film without the added gallic acid, and
CG denotes the non-cross-linked film. Fig. 1 shows a schematic
of the mechanism of cross-linking between chitosan and
vanillin, via the formation of a Schiff base and hydrogen
bonding with chitosan chains. Gallic acid is added to this CVG
solution in our study to form an active, degradable packaging
material. We compare data of CVGGA films with our previous
report on CVGP films, where ‘P’ represents Polyphenon 60 from
green tea.”

Scanning electron microscopy (SEM) was used to investigate
the surface morphology and microstructure of CVGGA films.
The cross-linked films exhibited a smooth morphology with
a compact structure (Fig. 2A). The SEM micrographs are indic-
ative of the uniform mixing of film components.** The absence
of voids suggests that there is a high degree of cross-linking in

the CVGGA films and may also be influenced by intermolecular
hydrogen bonding between chitosan, vanillin and gallic
acid."»*=® This is consistent with our previous findings for
CVGP films.*

UV radiation can cause photochemical damage and biolog-
ical changes in food. Therefore, blocking UV light reduces food
spoilage and enables the extension of food shelf-life, quality and
safety. As a result of this, packaging materials often are
designed with UV protection characteristics which may be
induced with the use of fillers or additives.?” Fig. 2B shows the
UV blocking capacity of CG, CVG and CVGGA films. In accor-
dance with previous literature, non-cross-linked chitosan films
(CG) did not block UV light successfully.*® However, both CVG
and CVGGA films demonstrate 0% light transmission in the UV
region (200-400 nm). From this, we can elucidate that the
presence of the phenolic aldehyde vanillin and the Schiff base
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Fig. 2
FTIR spectrum of CVGGA.
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interaction affords a material with the capacity to absorb UV
light.*® It is expected that the UV-blocking capacity is strength-
ened with the addition of gallic acid to the polymeric matrix due
to UV-light absorbance via excitation of m-electrons in conju-
gated systems. Many literature studies report similar findings,
with aromatic polyphenol extracts improving UV blocking
properties.*® Overall, the CVGGA films have strong UV barrier
properties, which is a promising characteristic for food pack-
aging materials.””

The cross-linking interaction between chitosan and vanillin
was probed using FTIR analysis (Fig. 2C). FTIR spectroscopy has
been utilised to confirm that natural phenolic aldehydes,
including vanillin, conjugate with chitin through dynamic
imine bonds.*’ Previously, we reported the shift in the vibration
of a peak in the carbonyl region from 1656 to 1644 cm "
between CG and CVG films.”* This was consistent with the
works of Zhang and Tomadoni and indicated the formation of
a Schiff base."* An analysis of the full spectra revealed the
broad peak at around 3275 cm ™, indicative of OH stretching
from hydroxyl groups and NH stretching from primary amine
groups on glucosamine units. Peaks at 2932 cm™ ' and
2875 cm ™! can be attributed to CH, and CH stretching respec-
tively and the peak at 1635 cm ™" is due to carbonyl stretching.
The peaks at 1511 cm™ " and 1347 cm ™" arise due to NH bending
and CN stretching, respectively.'* The intense peak around
1027 em ™' is due to C-O stretching from B-(1,4) glycosidic
bonds within the chitosan backbone. FTIR studies in recent
literature have also confirmed interactions between phenolic
extracts such as green tea with chitosan.'****' In this study,
vanillin was added in the synthesis before gallic acid to ensure
cross-linking was mostly between vanillin and chitosan, and
that gallic acid acted as an additive which could be released.

3.2. Optical properties

The color of food packaging films is an important metric to
consider, as consumers are more likely to accept colorless and
transparent films. Chitosan films are usually yellow in color, but
are visually transparent, allowing the consumer to assess the
quality of the product. Table 1 shows the results from a color-
imeter experiment of CVGGA films compared to CVG and CG
films. Additionally, the yellowness index (YI) was calculated
using eqn (1), and the opacity, recorded using UV-visible spec-
troscopy was calculated using eqn (2). The results presented in
Table 1, when compared to our previous study and a study by
Zhang et al. (2015), show that the CVGGA films are lighter, as

Table 1 Color and opacity values for CG, CVG and CVGGA films“
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evidenced by a higher value of L*.*> Correlating with literature,
the non-cross-linked film (CG) has a lower b* value than
vanillin-containing films, indicating that the cross-linking
interaction increases the yellowness of the films."»** This
observation is evidenced in the increase of the yellowness index
between CG and CVG. CVGGA has the highest value for the
yellowness index, this could suggest some cross-linking with the
addition of gallic acid. The opacity values increase with cross-
linking interactions, and CVG data correlates well with the
values reported by Zhang et al. (2015) for similar films with
a value of 1.128 £ 0.015.*

Whilst darker films can preserve light-sensitive foods, it is
likely that they will be met with consumer non-acceptance. To
this end, we measured the colour change of CVGGA and CVG
films over 12 weeks of aging in an ambient environment. We
observed small changes in the L*, a* and b* values, with asso-
ciated changes in the yellowness index values. Importantly,
there was no significant difference in the opacity of aged CVGGA
films when compared to fresh CVGGA films. This result pres-
ents an advantage over our previous research in which Poly-
phenon 60 was utilised as the active compound, and films
browned significantly over time due to polyphenol oxidation.**

3.3. Water-sensitivity

Bare chitosan films have high water-sensitivity and form
hydrogels in aqueous environments. However, the strong
network of cross-linking in chitosan-vanillin composites
affords films with reduced sensitivity to water and prevents
hydrogel formation. Table 2 shows the moisture content, water
contact angle and water solubility data for CVGGA, CVG and CG
films. The results show that the moisture content decreases
with vanillin cross linking, as expected, and decreases further
with the addition of gallic acid. This can be explained by
areduction in the number of free amine and hydroxyl groups in

Table 2 Moisture content, water contact angle and water solubility
data for chitosan films®

Film MC WCA (6) WS

CVGGA 11.5 + 0.1 44.5 £ 0.7° 19.9 £ 1.2°
CVG 14.9 4+ 0.3° 36.5 + 3.5° 18.0 + 0.8°
CG 27.5 + 0.8° 81.4 + 2.5° 38.4 £ 0.8°

“a, b, c different letters within the same column indicate significant
differences over time (p < 0.05).

Film YI L* a* b* Opacity
CVGGA 55.7 88.2 + 0.3° —4.2 4+ 0.2° 34.4 + 1.5° 2.1+ 0.4°
CVGGA (aged) 60.7 85.0 + 0.5° 1.3 £ 0.4° 36.1 + 0.8% 2.3 + 0.5
CVG 42.9 84.3 + 0.5° 0.8 + 0.2° 25.3 £ 0.5° 1.3 +0°
CVG (aged) 38.5 89.1 + 0.3¢ —1.5 + 0.2¢ 24.0 + 0.5° 1.44 + 0°
CG 8.8 88.8 4 0.7° —0.2 + 09 5.5 + 0.44 1.2 +0.1°

“a, b, ¢, d different letters within the same column indicate significant differences over time (p < 0.05).
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the chitosan matrix, as they are utilised in cross-linking inter-
actions. Moreover, this suggests that there are stronger inter-
molecular interactions in the CVGGA film, which may be
attributed to hydrogen bonding. Literature studies have also
suggested that glycerol interacts with gallic acid within chitosan
matrix, further reducing the moisture content.* Overall, these
results correlate well within the literature, where Zhu et al
(2022) reported a moisture content of 11.79% for their chito-
san-ethyl vanillin film and Bhowmik et al. (2024), who reported
a moisture content of 17.01% for their chitosan-glycerol-chi-
tooligosaccharides—gallic acid films.***?

The results detailed in Table 2 also show that CVGGA and
CVG films are hydrophilic, with water contact angles below 90°
and as widely reported in the literature, the bare chitosan film
surface was less hydrophilic.”* The increase in the water contact
angle between CVG and CVGGA suggests further interactions of
free amines or hydroxyl groups on the surface of the chitosan
film, making them unavailable for interactions with water.
Water contact angle images can be found in the ESI (Fig. S5).t
This indicates that gallic acid interacts with these groups via
cross-linking or hydrogen bonding. Furthermore, the bare chi-
tosan film exhibited the highest solubility in water at 38.4 £+
0.8%, with CVG and CVGGA films having lower solubility values.
As previously described for the moisture content and water
contact angle values, this reduction in water-solubility can be
attributed to stronger interactions within the CVG and CVGGA
polymer matrices, with fewer functional groups available for
hydrogen bonding with water. A reduced water solubility can
offer improved tensile properties by reducing plasticization
effects.* Furthermore, the reduced water solubility of CVGGA
films indicates an improved moisture barrier of the packaging
material and relates to successful application in its eventual use
as food packaging in high moisture environments such as
fridges.

3.4. Permeability

Good barrier properties are essential for food packaging appli-
cations. Successful food packaging should protect food from
moisture and degradation-enhancing gases. The water vapour
permeability of films depends on the film thickness, the film
structure and functional groups, and the experimental condi-
tions. The SEM micrographs of CVGGA films (Fig. 2A) showed
a compact structure without pores or channels, suggesting
a promising material for good barrier properties. Table 3 shows
the water vapour permeability data for both CVGGA and CVG
films.

We determined that CVGGA films had a lower WVP value
than CVG films. This correlates well with the water-sensitivity

Table 3 Water vapor permeability values for CVGGA and CVG films®

View Article Online

RSC Sustainability

data, which suggested that there are stronger interactions
within this polymer matrix, and fewer available hydroxyl and
amine groups. This is consistent with literature reports, and the
values of WVP achieved here are generally lower than similar
research studies, indicating improved permeability.'>**** The
values of WVP are similar to a recent report by Bhat et al. (2022)
on a chitosan-guar gum-poly(vinyl alcohol)-moringa extract
active material, which was reported to have a WVP of 5.37 &+ 1.70
x 107 gm ' 57! Pa '.** WVTR values were determined using
the linear regression data from laboratory experiments of mass-
loss over time (Fig. S1, ESI}).

3.4. Thermal properties

Thermal properties are important for biopolymers as they relate
to their stability and future processability in scale-up opera-
tions. DSC analysis shows how polymers react to heat and
provide important metrics relating to a material's thermal use
limits including the glass transition temperature (7). Fig. 3A
shows the DSC trace with two endothermic peaks at (i) 128.9 °C
and (ii) 274.0 °C, relating to the loss of bound water (i) and the
glass transition temperature (ii). TGA analysis investigates the
thermal stability of polymers and the resulting trace of mass
loss against temperature is shown in Fig. 3B. The initial mass
loss of 11.8% up to 130 °C relates to the loss of bound water
from the polymer matrix.">** This value is often used to eluci-
date the moisture content in polymer films and is very similar to
the experimental value we determined in Table 2. The first
degradation stage between 130 °C and 220 °C amounted to
a mass loss of 20.2%. The second degradation stage between
220 °C and 305 °C amounted to a mass loss of 23% and can be
attributed to the onset of chitosan polymer degradation.
Between 305 °C and 600 °C, there was a further mass loss step of
12%, with 33% mass remaining as char at the end of the
experiment. This char would be expected to decompose at
temperatures above 600 °C. The temperature at which there was
the maximum rate of mass loss (Tax) was determined as 189 °
C. This is similar to the result we determined for CVGP films as
220 °C, in this study we also confirmed that cross-linking with
vanillin increases the decomposition temperature of chitosan
films. ">

3.5. Mechanical properties

The mechanical properties of biopolymer films determine their
resistance to damage during consumer handling, storage and
transportation. The tensile strength and flexibility (elongation
at break) are important metrics relating to food packaging
materials and indicate the potential success of the material in

Film Thickness (um) WVP (gm s ! paV WVIR (gm 2 s
CVGGA 68.5 + 2.7% 1.99 x 107'% £ 2.1 x 1072 0.006 + 0.002%
CVG 64 + 3.5% 2.46 X 107° + 1.2 x 10 1P 0.008 + 0.002°

“ a, b different letters within the same column indicate significant differences over time (p < 0.05).
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Fig. 3 (A) DSC and (B) TGA data for CVGGA films.

being able to wrap around food without cracking or ripping.
Table 4 shows the mechanical properties of CVGGA films and
compares fresh films to those which have been stored in an
ambient environment for 12 weeks to determine the effect of
aging and long-term stability. The force at break was deter-
mined as 29.4 £ 0.5 for fresh CVGGA films and was found to
decrease to 18.8 £+ 1.2 over time. The elongation at break or
displacement, was found to increase over time from 5.4 £+ 1% to
7.3 £ 1.5% and Young's modulus (YM) decreased from 1232 +
30 MPa to 756 + 43 MPa. An image of the tensile strength
experiments can be found in the ESI (Fig. S6).1 The reduction in
YM and force at break values, coupled with the increase in
displacement, indicates a slight deterioration in properties over
time. We observed minimal changes in color in the aging
experiment for CVGGA films, however it is possible that some
gallic acid is oxidized to quinones over time. This may explain
the reduction in tensile strength as the aromatic phenol groups
would then be unavailable for interactions via hydrogen
bonding or cross-linking.

The results presented in Table 4 are similar to those deter-
mined during our previous work on CVGP films, with improved
force at break values indicating superior intermolecular forces
in the CVGGA films.”* The values correlate well with similar
literature studies by Tomadoni et al. (2019) who reported a YM
value for their optimized CVG film, dried at 57.5 °C as 1225 +
135 MPa, this is similar to the value we report for our CVGGA
film."* Zhang et al. (2015) also reported maximum values of

Table 4 Mechanical properties of CVGGA films*®
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10.18 + 0.41 N (force at break) and 43.73 + 2.03% (elongation at
break) for their chitosan-vanillin film."* The group's value for
elongation at break is significantly larger than what we report,
suggesting that this metric could be optimised in our material
by altering the cross-linker or plasticiser content. Overall, the
films have promising mechanical properties with good tensile
strength and flexibility.

3.6. Controlled release behaviour

The controlled release of the active compound enables active
packaging to elicit antioxidant and antimicrobial effects
successfully over a longer period. Cross-linking techniques are
often utilised to prevent polymer swelling and enable the
controlled release of a compound from within a polymer matrix
by reducing diffusion pathway lengths.>® The release of
compounds from biopolymer composites is usually governed by
random molecular diffusion in the direction of the concentra-
tion gradient and may involve an initial ‘burst release’ involving
surface-adsorbed or near-surface molecules, followed by
controlled release from within the bulk of the polymer.*>*® The
rate of release depends on many factors including polymer
degradation, polymer swelling, the food simulant used, the
polarity of the active compound, the strength of binding inter-
actions between the polymer and the active compound, polymer
molecular weight, film thickness, temperature and pH values.
The substrate used for testing is not standard in the literature
and varies between food simulants, which are more commonly

Film Force at break (N) Tensile strain (%) Tensile stress (MPa) Displacement (mm) Young's modulus (MPa)
CVGGA 29.4 + 0.5% 4.4+ 0.8% 25.0 + 2.8% 5.4 + 1.0% 1232 + 30°
CVGGA (aged) 18.8 + 1.2° 7.1+ 1.0° 19.4 + 1.4° 7.3 £1.5° 756 + 43°

“ a, b different letters within the same column indicate significant differences over time (p < 0.05).
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used, and actual food. Food simulants include 95% ethanol (v/v)
for high fat content foods, pure water for aqueous media, 50%
ethanol (v/v) for oil in water emulsions or high alcohol content
foods and 3% acetic acid (v/v) for low pH aqueous foods.*”
Lopez-Cordoba et al. (2017) described the change in the release
profile of polyphenols in different food simulants.*® For our
study, a lipophilic food simulant was chosen due to the
compatibility with our chitosan film and gallic acid solubility
characteristics.

Fig. 4A shows the release profile of gallic acid into the food
simulant over 2 weeks. We studied the release cumulatively over
this extended timeframe to relate this release to the rate of food
degradation. We observed an initial burst release within the
first 24 hours of the study, in which 40% of the total mass of
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gallic acid was released. The total amount released after 2 weeks
amounted to 82.9% of the gallic acid content calculated for the
film sample based on homogeneity assumptions. Fig. 4B shows
SEM images of the cross-section of CVGGA films during the
release study. The SEM micrographs show a less closely packed
structure in comparison to the bare CVGGA films (Fig. 2A), and
this suggests the formation of diffusion channels for gallic acid
release. Initially, the release profile was fit to zero-and first order
kinetics with R* values of 0.83 and 0.53, respectively (Fig. S7,
ESIT). The release profile was then fit to the Korsmeyer-Peppas
and Higuchi kinetic models (Fig. 4C and D). The Korsmeyer—
Peppas model describes release from a hydrophilic erodible
polymer and the release exponent ‘%’ (eqn (10)) is used to
indicate the release mechanism. Fickian transport is evaluated
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Fig. 4 (A) Controlled release of gallic acid from CVGGA films, (B) cross-sectional FE-SEM images of CVGGA films during release study, (C)

Korsmeyer—Peppas model and (D) Higuchi model of the release data.
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when the release exponent value is 0.45. For our CVGGA films, n
was calculated as 0.39, suggesting hindered Fickian transport,
in which the release is governed by diffusion and other mech-
anisms. The Higuchi model describes release from a solid
matrix (eqn (11)). For our release data, we treated the initial
release and controlled release as two ‘phases’ for this model.
The kinetic constants for release were calculated using eqn
(10)-(12). Kxp was determined as 12.4 h™" with a R value of
0.97, Ky for the initial release was determined as 0.14 h™* with
a R? value of 0.99, and Ky for the controlled release was deter-
mined as 0.045 h™" with a R* value of 0.99. We also determined
the diffusion coefficient (D) for the initial burst release using
eqn (12) and (13), calculating a value of 1.39 x 107" m*> s~ .

The calculated diffusion coefficient is higher than the value
we reported for CVGP films in a simulant of 50% (v/v) ethanol-
water, suggesting that the lipophilic food simulant and gallic
acid as the active compound is more effective at release.”
However, Lopez de Dicastillo et al. reported an increase in the
release of gallic acid in aqueous food simulants in comparison
to lipophilic simulants.* The group also reported that kineti-
cally, gallic acid showed faster diffusivity than other compo-
nents of green tea extract due to its small molecular size and
solubility characteristics.*” In our previous study, we evaluated
that there was no significant loss in release characteristics after
1 month of storage in a controlled environment.”* Importantly,
when applied to food, we expect that direct contact will induce
gallic acid release. Another significant consideration for the
eventual use as a food contact material is the migration limits of
packaging components. Vitally, gallic acid is approved for use as
an additive in polymer materials and vanillin is approved as
a flavouring agent in food.

3.7. Antioxidant and antimicrobial properties

Strong antioxidant and antimicrobial properties are vital for
extending the shelf life of food, protecting it from unwanted
changes during storage, processing and transportation, specif-
ically oxidation and microbial attack. Gallic acid is a strong
natural antioxidant due to its phenol moiety acting as a radical
scavenger. We carried out a DPPH assay on CVGGA films, CVG
films and gallic acid to determine the antioxidant properties of
these materials. Fig. 5A shows the results of the DPPH assay, in
which both CVGGA films and gallic acid at a concentration of
10 mg mL " reduced >98% of DPPH radicals, indicating excel-
lent antioxidant capacities. The CVG film reduced 79% of the
DPPH radicals, confirming that this material has good antiox-
idant capacity, but gallic acid provides improved, synergistic,
antioxidant capabilities to the film. The concentration of gallic
acid used in this assay can be related to the release study, in
which the maximum concentration was 36 mg mL ‘. The
results are consistent with Li et al. who reported a DPPH inhi-
bition of 82.2% for their chitosan-vanillin derived dialdehyde
material.*® Similarly, Yu et al. reported that vanillin improved
the antioxidant activity of their chitosan-gelatine film.** We
postulate that gallic acid has a synergistic effect, further
increasing the antioxidant scavenging capacity of the film. This
is consistent with the work of Bhowmik et al., who determined
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Fig. 5 (A) DPPH antioxidant activity of CVGGA films, CVG films and
gallic acid at 10 mg mL™%, (B) antimicrobial efficacy of CVGGA films
against S. aureus and E. coli.

that gallic acid increased the antioxidant activity of their chi-
tosan films.*® The results we report are similar to those reported
by Peng et al. who determined a percentage reduction of 94.9%
for their chitosan films incorporated with tea extracts.*

Pieces of CVGGA film were then tested for their antibacterial
activity against S. aureus and E. coli by zone of inhibition (ZOI)
tests (Fig. 5B). The ZOI values showed successful inhibition of
both bacterial strains with these small pieces of CVGGA film.
ZOI values for viscous film-forming solutions of CG, CVG and
CVGGA against S. aureus and E. coli were also evaluated as 8.7 £
0.3 mm, 8 + 0.6 mm, 4.7 + 2.4 mm and 9 + 1 mm, 10.3 + 1.2
mm, 5.7 + 2.8 mm, respectively (Fig. S8, ESIT). Further to this,
the minimum inhibitory concentration (MIC) values for vanillin
and gallic acid against E. coli were determined as 2.5 mg mL ™"
and 5 mg mL " respectively, with MIC values of 5 mg mL ™" and
10 mg mL ™" for S. aureus (Fig. S9, ESIT). Li et al. recently re-
ported a significant increase in antibacterial activity between
chitosan films and films incorporating a vanillin derived dia-
ldehyde.*® The group determined that bare chitosan exhibited
a weak inhibitory effect which may be explained by the
disruption of bacterial cell walls through electrostatic binding
via protonated functional groups on chitosan film surfaces.>

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Overall, the antibacterial data confirms the ability of this
CVGGA film to prevent the growth of both E. coli and S. aureus.

3.8. Degradation

The degradability of natural polymers is important to determine
for innovation and circularity metrics. Degradation usually
occurs by biodeterioration, fragmentation, assimilation and
then mineralisation and metabolism. Degradable natural
polymer materials are eventually degraded to CO,, CH,, water,
biomass and humic matter. The degradation rate of biopoly-
mers depends on the polymer chain length, complexity, crys-
tallinity, molecular weight and strength of interactions within
the matrix.** Other factors include the degradation environ-
ment, light intensity, temperature, moisture content, oxygen
availability and pH value. In soil, microorganisms including
bacteria, fungi and enzymes act to increase the degradation
rate. Hydrolysis by water is also a possible mechanism of
degradation, and it is likely that a higher moisture content
environment allows for bulk degradation via the diffusion of
water into the polymer matrix.

We studied the degradation of CVGGA films in soil, seawater
and water over a period of 12 weeks (Fig. 6A). We also tested
samples which we submerged in lipophilic food simulant for 24
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Fig. 6 (A) Degradation of CVGGA films in soil after submersion in food

simulant (lifecycle), soil, seawater and water, (B) images of CVGGA
films during degradation in soil, taken after rinsing with water and
drying, (C) FTIR comparison of CVGGA and soil-degraded CVGGA
films.
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hours and rinsed with water before burying in soil, termed as
lifecycle soil degradation. This experiment probed the effect of
reducing the concentration of active antimicrobial compounds
(gallic acid, vanillin) from within the film via release studies. We
hypothesised that this may increase microbial activity and
therefore, degradation. Indeed, Kaczmarek-Szczepanska et al.
noted that antimicrobial properties of films make biodegrada-
tion more difficult, requiring the activity of resistant microor-
ganisms.*” For all experiments in soil, we added water at regular
intervals to simulate natural precipitation, and seawater
samples were topped up in the case of evaporation. The mois-
ture content of soil was determined by mass balance as 43.4%,
indicating a good availability of water molecules to aid the
degradation of CVGGA. Water increases degradation by inter-
rupting intermolecular forces and the permeation of water into
the matrix relates to the onset of bulk degradation.®® Further-
more, we measured the pH of soil as 5.66, indicating a mildly
acidic environment. It is possible that imine groups would be
protonated in this environment, making them more susceptible
to hydrolysis.**

We found that, after 12 weeks, CVGGA samples in soil and
lifecycle soil both exceeded 90% mass loss, satisfying current
criteria for compostable materials. The mass loss for samples in
seawater and water was determined as 43.1 £+ 6.7% and 32.6 +
0.9%, respectively. These results are consistent with our
previous findings, concluding that degradation in seawater
occurs at a reduced rate and consists mostly of fragmentation.”
Distinctly from this study, for CVGP films, we found improved
degradation in compost when compared to soil samples.>* The
likely explanation for this is a different batch of soil containing
different bacterial quantities and strains in each case. Impor-
tantly, in all cases, biodegradation is evidenced by mass loss of
the cross-linked chitosan films. During degradation, we also
investigated the changes in morphology of CVGGA films using
FE-SEM, and SEM micrographs of films at 3, 6 and 9 weeks of
degradation in soil can be found in the ESI (Fig. S10).T

We carried out FTIR analysis to begin to probe the degra-
dation mechanism for CVGGA films. Fig. 6C shows the FTIR
spectra of degraded CVGGA films compared to fresh CVGGA
films, focusing on the peak at 1024 cm ™", corresponding to C-O
stretching and bending. The degraded sample has a less intense
peak in this region when compared to other peaks present in
both spectra which have similar relative intensities, indicating
that there are fewer of these bonds present after degradation.
This can be observed more clearly when comparing the relative
intensities of the peaks at 1024 cm™" and 1063 cm™'. We can
elucidate that this observation is due to the cleavage of glyco-
sidic (C-O-C) bonds within the chitosan backbone, likely by
enzymatic action. Enzymes such as chitinase, chitosan deace-
tylase, B-N-acetylglucosaminidase and lysozyme are present in
soil samples, and this is a likely mechanism of degradation to
form smaller chitosan oligosaccharides in the first instance.
Overall, the decrease in C-O bonds can indicate the decompo-
sition of chitosan into smaller units. Furthermore, the DDA% of
chitosan is important and relates to the degradation capacity.
Commercial chitosan has a DDA% of >75%. Higher DDA%
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Table 5 Glass transition temperature of CVGGA and TOC of soil over
time during degradation

Value 0 weeks 6 weeks 12 weeks
T, CVGGA (DSC)/°C 274.0 262.4 214.8
TOC (soil)/% 18.2 £ 0.5 22.3 + 0.1 25.1+0.8

values indicate improved degradation rates as chitosan deace-
tylase activity is not required to break down these fragments.

Table 5 shows further investigation into the degradation of
CVGGA films in soil over time. We investigated the reduction in
the glass transition temperature during degradation, and the
increase in the total organic content of soil, probing the
degradation of the biopolymer film. The reduction in the T,
value indicates a reduction in the molar mass of the chitosan in
the film, indicating depolymerisation by the cleavage of B-1,4-
glycosidic bonds in the backbone of the polymer.>* In addition
to this degradation data, we further probed our mechanistic
interrogations with repeated degradation studies (Fig. 7) and
a DSC-UV investigation, which concluded that there were no
changes to the heat flow of the polymer film during UV treat-
ment (Fig. S11, ESIt).

We carried out further degradation tests on CVGGA, CVG
and CG films including a 24 week degradation study in soil with
no disturbance (Fig. 7). We found that all 3 films degraded
completely under these conditions. We also carried out degra-
dation tests of CVGGA films in autoclaved soil, a home compost
bin, and outside. The investigation utilising autoclaved soil was
carried out to probe if there was any degradation without
microbial activity. We determined that the films degraded to
34.1 + 1.6% under these conditions and conclude that this
fragmentation was due to water hydrolysis and swelling. To
probe the effect of the fluctuating conditions of field tests,
rather than controlled laboratory conditions, we buried film
samples in a large compost bin and measured the mass loss
after 24 weeks. This experiment reached a mass loss of 63.6 +
1.6%, however we utilised nylon mesh bags to hold the samples

120
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Fig. 7 Degradation capacities of CVGGA, CVG and CG films in
different environments at 24 weeks.
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in for ease of retrieval, therefore it is likely that this value would
increase with complete integration into the compost mixture.
Finally, the degradation in the open-air environment was
determined as 35 £ 7.9%. The DSC-UV results, presented in the
ESI (Fig. S11),1 suggest that there was no photodegradation
after UV irradiation for 2 h. Therefore, it is likely that this mass
loss may be due to hydrolysis via precipitation.

Further to this, TGA-MS (EGA) was carried out to investigate
thermal degradation products and relate this to the potential
mechanism for CVGGA degradation in soil. TGA-MS (EGA) data
showed relevant m/z peaks at (i) 211 °C, (ii) 326.5 °C, (iii) 406.5 °©
C and (iv) 602.3 °C (Fig. S12, ESIf). The first timepoint of
interest (i) includes a peak at m/z 17, indicating the formation of
NHj; as a volatile product. The second timepoint (ii) has a peak
at m/z 125 which may indicate the formation of 3-acetamido
furan via dehydration and ring-opening mechanisms.*® The
third timepoint (iii) has a peak at m/z 67, which may indicate the
formation of pyrrole via thermal degradation.*>*® Indeed, Liu
et al. proposed potential mechanisms for the formation of
pyrrole compounds and 3-acetamidofuran from the pyrolysis of
chitosan and chitin, respectively.* Finally, the fourth timepoint
(iv) has a peak at m/z 179, which may indicate the formation of
glucosamine via cleavage of the glycosidic bond in the chitosan
backbone. A schematic depiction of the potential mechanism
for CVGGA degradation in soil, after consideration of all
analytical techniques and the resulting data, can be seen in
Fig. 8.

Overall, the degradation results revealed that CVGGA films
are degradable to >90% in soil within 12 weeks and 100% within
24 weeks. We found that releasing some of the active compo-
nents by submersion in food simulants before degradation
enhanced this capacity, likely due to a reduction in microbial
inhibition and therefore an increase in microbial activity. We
observed only fragmentation in seawater and water environ-
ments, elucidating that these are not appropriate end-of-life
environments for this material. FTIR data confirmed the
reduction in C-O bonds during degradation, relating to the
hydrolytic cleavage of the chitosan backbone, producing oligo-
mers of chitosan. This is consistent with our observation that
the glass transition temperature of polymer samples reduced
during degradation, relating to a reduction in polymer molec-
ular weight and chain length. This is coupled with the increase
in the organic content of soil samples during degradation,
indicating the assimilation of degradation product such as
organic acids. Similarly, TGA-MS-EGA analysis revealed the
potential formation of glucosamine units. We also elucidated
the effect of soil bacteria on degradation with a comparison to
the use of autoclaved soil, concluding that microorganisms are
vital to achieve high levels of decomposition. Future work
should probe the enzymes present in the soil samples and
determine the mechanism of degradation in scalable environ-
ments. Beyond the degradation of the material, we also inves-
tigated physiochemical properties and found that CVGGA has
good barrier properties, tensile strength and UV-blocking
properties. Furthermore, we confirmed the strong antioxidant
and antimicrobial capacities of CVGGA films utilising a DPPH
assay, and E. coli and S. aureus inhibition. Conclusive of this,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Schematic of the proposed mechanism of degradation for CVGGA films, where the first stage involves depolymerisation via hydrolytic
cleavage of glycosidic bonds, likely starting at the outside of the film, followed by deacetylation and cleavage of Schiff-base bonds, followed by

further degradation and assimilation to humic matter.

the presented CVGGA material is a strong candidate for future
development of sustainable active packaging materials.
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