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Abstract

This study presents the development of a novel eco-friendly biodegradable films based on cationized potato-peel starch
incorporated with broccoli-derived bioactive compounds extracted using deep eutectic solvents (DES). Fourier transform
infrared spectroscopy (FT-IR), Differential scanning calorimetry (DSC), Scanning electron microscopy (SEM), Water
vapor (WVTR) and oxygen permeabilities (OTR) were used to fully characterize the prepared edible films. The effect
of adding broccoli extract to starch films was evaluated as bioactive compounds through antioxidant and antimicrobial
examination. Addition of broccoli extract to modified starch films improves resistance, moisture and gas transmission
and mechanical properties. FTIR and DSC techniques confirmed extra amorphous and heterogeneous structure of the
composite as a result of successive addition of broccoli extract into the cationic potato-peel starch. SEM images revealed
that increasing the percentage of the incorporated broccoli into cationic potato-peel starch resulted in a more amorphous
surface structure which facilitated the printability of the film and its quality. The developed films improved mechani-
cal flexibility (E%), reduced WVTR and OTR with 28%, 20%, 34% respectively, alongside enhanced antioxidant and
antimicrobial properties. The overall migration tests were conducted according to EN 1186-5 and EN 1186-4 with range
from 0.1 to 1.3 dm®. These tests confirmed the fully compliance of the tested material with European food contact safety
requirements. These findings will highly empower the development of new packaging materials with extended shelf life
and eco-friendly nature as edible packaging flexible films.

Keywords Sustainable packaging - Biodegradable packaging film - Potato-peel starch - Edible printing inks - Agro-
waste valorization

Introduction

Many advantages of plastic applications like remark-
able safety and hygiene properties for food packaging,
good water and chemical resistance, outstanding electrical
and thermal insulation properties are stated. On the other
hand, some disadvantages of plastic applications have been
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reported as environmentally harmful through pollution for
living in their surroundings. Global great increment of plas-
tic consumption reveals alarming environmental impact.
Nearly 400 million metric tons of plastic packaging materi-
als are produced annually, which greatly responsible to the
incredible degradation in our environment [ 1-3]. Moreover,
biopolymers, a prospective novel solution in the packaging
industry, represent promising solutions to overcome the dis-
advantageous of plastic industry. These polymers serve as
environmental alternatives that protect wildlife by decreas-
ing plastic pollution, while also complying with the global
environmental regulations [4, 5]. In addition, providing
environmentally friendly global challenges, these biopoly-
mer-based packaging introduce many examples as a safe,
low-cost, non-toxic, and edible materials. Starch presents
as one of the most exceptional popular substitutes to plastic
as a biopolymer. It reduces the expected environmental and
health hazards in packaging applications [6]. Moreover, it is
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one of the most important natural resources of great avail-
ability, as it can be easily obtained from various agricultural
and industrial by-products [7, 8].

Furthermore, starch is the second most available natu-
ral biopolymers after cellulose [9]. It provides many envi-
ronmental solutions to plastic drawbacks. Besides, it offers
various advantages, including fundamental biodegradability,
great processability and excellent biocompatibility with other
materials and acceptable barrier resistance to both carbon
dioxide and oxygen. Starch-based materials represent out-
standing example for use as edible coatings in several food
packaging manufactures [10]. In addition to high encour-
aging applications as edible coatings, starch meet the dual
goals of using renewable resources and providing end-of-
life advantages (biodegradation or ingestion). Recent studies
have characterized starch-based edible packaging in terms of
rheology, thermal behavior, film formation, biodegradability,
barrier properties, and mechanical performance [7-9].

Many inexpensive renewable resources in our universe,
potato peel is one of the most economical sources of starch, a
naturally biodegradable byproduct of potato processing and
is very rich of starch [11]. The necessity of using agricultural
byproduct to produce biodegradable packaging films is to
decrease carbon footprint and fulfill the severe environmen-
tal regulations. Consequently, there is increasing demand for
starch-based films as the most sustainable packaging option
in the food industry [12, 13]. Meanwhile, there are some
drawbacks of using starch in packaging like its increased
hydrophilicity, decreased water vapor barrier properties and
decreased mechanical strength. Therefore, starch modifica-
tion is greatly convenient to sort these drawbacks out.

Modified starch has attracted extensive attention greater
than natural starch due to its outstanding chemical and
physical properties. Several modification methods of starch
including chemical, physical and enzymatic treatments to
change their properties [14, 15]. Among these, chemical
methods are the most convenient approaches that used in
starch modification. Cationic starch, an important exam-
ple of starch derivative, has chains of positively charged
groups. It is of increased water solubility and outstanding
film-forming properties that successfully used in biopoly-
mer-based films preparation [16]. This in turn, increases its
value in foods preservation.

Starch-based materials, among the most famous edible
coatings, have emerged as effective solution for vegetables
and fresh fruits preservation. Generally, edible inks are
preferred over conventional inks due to the toxicity of con-
ventional inks and many numerous problems they cause in
the packaging industry, such as migration into food which
causes contamination of packaging films, difficult and
costly recycling. It was reported that edible coatings, natural
alternative to traditional preservation methods are of great
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versatility. Examples of edible coatings include waxes,
chitosan, beeswax, and carboxymethyl-cellulose. This ver-
satility allows coatings to preserve nutrients such as anti-
oxidants, flavoring agents and antimicrobials to great extent
[17]. Moreover, these coatings have high ability to decrease
water loss, increase product gloss, control respiration rates
and finally have outstanding ability to suppress microbial
growth throughout postharvest storage [12, 13]. Besides,
edible inks, food-grade colorant designed for printing onto
edible surfaces, are of great importance in packaging indus-
try. They reduce production cost and manufacturing cycle
and hence decreases the expected environmental and health
hazards in packaging applications and edible printing [18].
Moreover, these edible inks fulfil the human safety require-
ments of consumption as they are of Food and Drug Admin-
istration (FDA)- approval food dyes [19].

From all the points mentioned above, it is clear that food
industry has become one of the largest sources of waste
in modern time, causing health problems worldwide. The
increasing amounts of waste generated and accumulated
by the vegetable industry have disrupted biodiversity and
significantly impacted human health and climate change.
Therefore, wastes results from agricultural food industries
are of great importance to requires the global attention,
mainly because of the pollution and economic mismanage-
ment it causes. Hence, the reduction of generated wastes
is critical from economic value point of view [20, 21].
Besides, this waste reduction can be enhanced by incorpo-
ration of agri-food loss in industry as for example packaging
films. Moreover, some waste materials contain high levels
of bioactives that can be extracted to be the good starting
material for developing a novel biodegradable packaging
film of antibacterial and antioxidant effect.

Broccoli by-products, a source of bioactive extracts from
waste, is edible plant and exhibits various antimicrobial and
antioxidant effects with health benefits and antioxidant effects
of broccoli [22]. In this research, we propose to develop eco-
friendly biodegradable packaging films based on a tailored
cationic potato-peel starch was presented as a valorized agro-
waste stream combined with broccoli (vegetable by-product)
substrates, onto which edible inks are printed.

Experimental
Materials and methods

Potato peels were collected from local food processing facil-
ities and washed carefully before starch extraction. Broccoli
residues, including stems and leaves, were obtained from
agricultural waste. All chemical reagents used for starch cat-
ionization, including sodium trimetaphosphate (STMP) and



Sustainable biodegradable packaging films based on cationic potato-peel starch/broccoli with edible inks

sodium tripolyphosphate (STPP), are of analytical grade,
Sigma-Aldrich, Germany. 2,2- diphenyl-l-picrylhydrazyl
(DPPH) is Sigma-Aldrich product, Germany. Staphylococ-
cus aureus, Pseudomonas aeruginosa, Candida albicans
and Aspergillus niger were kindly obtained from Microbiol-
ogy Dep., Al-Azhar University, Egypt.

Extraction and cationization of potato-peel starch

Potato-peel starch was extracted using a standard wet mill-
ing process, followed by drying and sieving. The extracted
starch was then subjected to cationization using STMP and
STPP in an alkaline medium to introduce positive charges
onto the starch chains. The degree of substitution (DS) of
cationic starch was determined using titration methods to
confirm the efficiency of the modification.

Preparation of biodegradable films

Dispersing cationic potato-peel starch in distilled water
was performed to prepare biodegradable films, followed by
the incorporation of broccoli-derived fibers. The film genic
solution was stirred continuously at 70 °C to ensure homo-
geneous dispersion. Casting the solution onto petri dishes
for drying at controlled temperature and humidity condi-
tions. This was followed by peeling off the films and storing
in desiccators before characterization.

Preparation of soluble starch from potatoes waste

Starch was extracted from potato-peel waste following the
procedure outlined by Torres et al. [23]. The potato peels
were cut into small pieces and mixed with deionized water in
a 1:2 solid-to-liquid ratio under continuous stirring (70 min,
220 rpm). The resulting mixture was then passed through
an 80 pm sieve, and the retained residue was rinsed with
deionized water to recover any residual starch. The filtrate
was subsequently refrigerated for one day to facilitate starch
sedimentation. The separated starch was collected, dried in
a blast drying oven at 40 °C for 48 h, and stored in a desic-
cator till further use. Starch yield from potato-peel waste
averaged 14.4%, with 19.29% amylose content.

The deep eutectic solvent (DES) was prepared according to
the methodology described by Almeida et al. [24]. Briefly, the
DES method was established according to the following steps,
The components are stirred, with in a 1:2 molar ratio, and
temperature from50-60 °C until a homogeneous, transparent
liquid is formed. After that, the addition of water was approx.
(e.g., 50 wt% or more) to optimize the viscosity and extrac-
tion efficiency for phenolic compounds from plant matrices.
This method is chosen for being an eco-friendly and effective
alternative to conventional solvents for extracting bioactive.

Preparation extract of broccoli

Washing broccoli stems and leaves with distilled water, cut-
ting into small pieces of 0.5 cm x 0.5 cm, freeze drying,
grinding, and sieving with 80 mesh sieve to obtain broccoli
powder with small particle size of less than 177 um; adding
aqueous extraction solvent, performing ultrasonic-assisted
extraction at 50 °C for 11 min. with 40% amplitude with
Branson sonicator, England, 70 kHz.

Preparation soluble starch/broccoli extract films

Three ratios of extract were added with 1, 3, and 5% to
soluble starch solutions with 10% w/w glycerol as plasti-
cizer. The mixture was applied under vigorous stirring by
ultra-homogenizer at 13,000 rpm for 6 min followed by
ultrasonication at 30% amplitude for 7 min. The solutions
were casting in Teflon petri dishes and drying overnight in
air refreshing oven at 60 °C.

Characterization techniques
Mechanical properties

The mechanical properties of the prepared films, including
tensile strength (TS) and elongation at break (E%), were
evaluated by a universal testing machine Z005 TN/TH,
Zwick, Germany. The measurements were performed in
accordance with ASTM D882 standards to assess film flex-
ibility and durability.

Water vapor and oxygen permeabilities

Water vapor transmission rate (WVTR) was performed
by GBI W303 (B) Water Vapor Permeability Analyzer,
China, by means of the cup method at temperature (38 °C)
and (90% RH) in accordance with ASTM E96, ISO 2528,
ASTM D1653, TAPPI T464, DIN 53122-1 and JIS Z0208)
standards. Also, the oxygen transmission rate (OTR) under
condition (23 °C and 50% RH) was determined by N530
Gas Permeability Analyzer (China). The test was carried
out in accordance with ISO2556-2001, GB/T1038-2000 and
ASTM D1434-82(2003) standards.

Fourier transform infrared spectroscopy (FTIR)

FTIR analysis was performed to prove the chemical modi-
fication of the starch and the interactions between starch
and broccoli-derived components by Alpha II Bruker (Ger-
many) spectrometer, a horizontal ATR device. Existence of
functional groups indicative of cationization and bioactive
compounds was identified through spectral analysis.
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Scanning electron microscopy (SEM)

SEM (Quanta FEG 250), Japan, was applied to study the
surface morphology of the films, providing insights into
their microstructure, homogeneity, and fiber dispersion
within the polymer matrix.

Differential scanning calorimetry (DSC)

DSC analysis was conducted to examine the thermal behav-
ior of the films by DSC 8500 from PerkinElmer, USA,
including glass transition temperature (7,) and thermal sta-
bility, which are critical for evaluating their heat resistance
and processing conditions.

Overall migration test

Several worldwide rules are official with regard to migration
of certain chemicals such as heavy metals, additives and deg-
radation products. These compounds may have unpleasant
taste, smell, or supposed adverse results to customers. All
details of overall migration (OM) simulants and settings are
described in EU Regulation Nr. 10/2011. It is expressed by
the total milligrams of substance lost from 1 decimeter square
surface (mg/dm?). Generally, all results of overall migration
were calculated in accordance to (EN 1186-5) [25].

Antimicrobial activity of the tested extracts

Capability of the tested materials to prevent the microbial
proliferation was examined against the standard bacte-
rial and fungal Pathogen strains, Gram-positive bacterium
(Staphylococcus aureus) Gram-negative bacterium (Pseu-
domonas aeruginosa), unicellular fungi (Candida albicans)
and multicellular fungi (Aspergillus niger). Pre-activation
of pathogens were performed by inoculating in the Nutrient
broth medium for one day, at 37 °C for bacterial strains,
whereas fungal strains were inoculating in Potato Dextrose
Broth (PDB) medium for 48 h. at 28 °C with shaking condi-
tion to activate and obtaining a heavy spore size. Screening
of the examined compounds was carried out at fixed disc
dimension (3 x3 mm) using Mueller Hinton Broth (MHB)
via turbidometry technique for every microbial patho-
gen excepting A. niger, this was discussed by Ragab et al.
[26]. Furthermore, the evaluation of tested compounds to
inhibition the microbial growth was also evaluated at the
significant concentration by Agar-well diffusion method
using Mueller Hinton Agar (MHA). Obtained results were
evaluated depending on the inhibition zone diameter (mm)
as suggested by Clinical and Laboratory Standards Insti-
tute (CLSI) guidelines. Furthermore, examined materials
were assessed in compared to the standard antibacterial and
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antifungal agents as a positive control, whereas DMSO was
treated as a negative control [27].

Consequently, the Minimum Inhibition Concentration
(MIC) test for the sample’s efficiency was prepared in
contradiction of each microbial pathogen. Regarding this
aspect, the broth microdilution method was applied depend-
ing on CLSI, meanwhile an identified weight of the potent
sample was dissolved in DMSO to prepare a stock solution.
Every targeted material was diluted using the broth medium
(nutrient for bacterial strains or potato dextrose for fungal
strains) to get the chosen concentration (25-250 pg/ml).
The calculation of the MIC value for every targeted com-
pound was determined as the lowest concentration of every
sample which generated a minimum number of colony-
forming units (CFU) related to the reference samples [26].

Antioxidant activity of the tested extracts

Determination of antioxidant activity of the tested extracts
was performed using DPPH free radical scavenging assay
as described in previous research work [26]. DPPH Radical
scavenging activity freshly prepared (0.004% w/v) metha-
nol solution of 2,2- diphenyl-l-picrylhydrazyl (DPPH) radi-
cal was prepared and stored at 10 °C in the dark. 500 pl of
each extracted solution was transferred into the tested tube
and mixed with 500 pl of DPPH solution [28]. Instantly,
measurements of absorbance were determined using a
UV-visible spectrophotometer (Agilent Cary-100, Ger-
many). Absorbance decrement at 515 nm was continuously
recorded, with data reported at 1 min. Intervals until the
absorbance stabilized (16 min). DPPH radical absorbance
without antioxidant (control). Also, the measurements of
reference compound ascorbic acid were performed. DPPH
radical percentage inhibition (PI) was calculated according
to the formula: PI = [{(AC-AT)/AC} x 100]

AC= Absorbance of the control at t=0 min and AT=
absorbance of the sample+DPPH at t=16 min. The IC50
value of every antioxidant assay was determined and
expressed as pl/mL.

Results and discussion
Mechanical properties

Mechanical properties of starch-based composite films
incorporated increased concentrations of broccoli extract
(1-5%) reveals a clear trend in tensile behavior and flex-
ibility. The blank sample, pure starch film, (S1) exhibited a
tensile strength (TS) of 14.2+0.4 MPa and an elongation at
break (E) of 28.4+1.1%, representing a relatively rigid and
brittle biopolymer matrix.
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The mechanical properties of the starch-based com-
posite films were expressed as mean = standard deviation,
revealing a clear influence of broccoli extract incorpora-
tion on the tensile behavior of the films. Table 1 shows the
gradual addition of broccoli extract, a progressive decre-
ment in tensile strength and increment in elongation were
observed. At 1% extract (S2), TS slightly decreased to
13.7+0.5 MPa, while elongation increased to 32.1+1.3%,
indicating the initial plasticizing or compatibilizing effect
of bioactive components from the extract. Increasing the
broccoli extract to 3% (S3) and 5% (S4) further reduced
TS to 11.9£0.6 and 10.4+ 1.4 MPa, respectively, while
elongation rose to 34.2+1.4 and 35.4+1.6%. One-way
ANOVA analysis revealed statistically significant dif-
ferences among the films with different broccoli extract
concentrations. Tensile strength, the ANOVA test showed
a highly significant effect (F=35.65, p<0.001). Simi-
larly, elongation at break exhibited significant differences
between samples (F=15.24, p=~0.0015), confirming that
the incorporation of broccoli extract significantly influ-
ences the mechanical performance of the starch-based
films. The relatively small standard deviation values
indicate high reproducibility of the mechanical measure-
ments and suggest a uniform and homogeneous structure
of the prepared films.

This inverse relationship between strength and flexibility
suggests that the broccoli extract acts as a natural plasti-
cizer, weakening intermolecular hydrogen bonding among
starch chains and increasing molecular mobility. The reduc-
tion in tensile strength may result from partial disruption of
the polymer network or dilution of the starch matrix by low-
molecular-weight phenolic and carbohydrate compounds.

Overall, the results demonstrate that moderate addition of
broccoli extract enhances film flexibility and ductility at the
expense of tensile strength. Such behavior can be advanta-
geous for applications requiring improved film elasticity,
foldability, or conformability, particularly in biodegradable
packaging systems. Tensile strength and elongation of potato
starch-chitosan/Eugenol were enhanced by addition of 6%
Eugenol [12] this is in good agreement with the present results.

Table 1 Mechanical properties (tensile strength and elongation at
break) of starch and starch with different ratios of broccoli extract

Nr. Sample  Composites Thick- TS,MPa E, %
ness,
um
1 (S1) Starch 70+£3  142+04 284+1.1
(S2) Starch/1% 67+2 13.7+£0.5 32.1+1.3
broccoli
3 (S3) Starch/3% 72+5 11.9+0.6 342+1.4
broccoli
4 (S4) Starch/5% 71+£3  104+05 354+1.6
broccoli

Water vapor and oxygen permeabilities

Barrier performance of starch-based films was estimated
through measurements of WVTR and OTR. The pure starch
film (S1) exhibited relatively high permeability values, with
a WVTR of 4.317+0.21 g'-mm/m?-day-kPa and an OTR of
2107+11.1 cm*/m?-day-kPa, signifying the inherent hydro-
philic and porous nature of pure starch.

The addition of broccoli extract resulted in a progressive
decrease in both water vapor transmission rate (WVTR) and
oxygen transmission rate (OTR) values as the extract con-
centration increased. For 1% broccoli extract (S2), WVTR
and OTR decreased to 4.011+0.32 and 1877+ 14.2, respec-
tively. Further addition to 3% (S3) and 5% (S4) resulted in a
significant reduction to 3.674+0.28 and 3.455+0.35 g-mm/
m?-day-kPa for WVTR, 1503+17.5 and 1374+13.2 cm?/
m?-day-kPa for OTR, respectively, as shown in Table 2.

This consistent decline in permeability demonstrates that
the broccoli extract effectively enhances the film’s barrier
properties. This improvement could be related to several con-
current mechanisms: (1) hydrogen bonds formation among
phenolic compounds from the extract and hydroxyl groups of
starch, leading to a denser polymer network; (2) partial fill-
ing of microvoids by extract molecules, reducing free volume
and diffusion pathways; and (3) increased hydrophobicity due
to nonpolar constituents in the extract, which hinders water
and oxygen diffusion. WVTR showed significant variation
between films (p~0.06), while OTR exhibited a highly sig-
nificant difference (p<0.001) with increasing broccoli extract
content. Similarly, overall migration results showed significant
differences among food simulants (p<0.001). The relatively
small standard deviation values with indicate good experi-
mental reproducibility and homogeneity of the prepared films.

The results confirm that broccoli extract addition to starch
films improves resistance to moisture and gas transmission,
with the most pronounced effect observed at 5% extract load-
ing. These results indicating that broccoli extract is an effective
natural modifier to improve the barrier performance of starch-
based biopolymer films, making them more suitable for active
food packaging applications which necessitate continued shelf
life and enhanced protection against oxidation and moisture.
WVTR of cassava starch, glycerol, sodium bentonite and cin-
namon oil was notably enhanced by increasing cinnamon oil
content up to 5% [9] this coincides with the present results.

Table 2 Water vapor and oxygen permeabilities of starch and starch
with different ratios of broccoli extract

Nr. Sample WVTR, gmm/m?daykPa OTR, cm’/m? day.kPa
1 (S1) 4317+0.21 2107+11.1
2 (S2) 4.011+£0.32 1877+14.2
3 (S3) 3.674+£0.28 1503+17.5
4 (S4) 3.455+0.35 1374+13.2
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Fourier transform infrared spectroscopy (FTIR)

FTIR spectrum of the soluble starch matrix derived from
potato waste and incorporated with different percentages
of broccoli extract is shown in Fig. 1. It demonstrates the
characteristic carbohydrate and phenolic vibrational fea-
tures. The broad band observed around 3200-3600 cm™
corresponds to O-H stretching vibrations, which increase
in width and intensity as the broccoli extract content rises,
indicating enhanced hydrogen bonding interactions between
starch hydroxyls and phenolic hydroxyl groups from the
extract. C—H stretching bands near 2850-2950 cm™ show
minor intensity variations, attributed to additional aliphatic
groups introduced by extract constituents.

New or intensified absorptions between 1700 and
1740 cm™ and 1600-1650 cm™ indicate C=0 and aromatic
C=C or amide I vibrations, confirming the incorporation of
phenolics and proteinaceous materials from broccoli into
the starch matrix. The fingerprint region (1200900 cm™)
displays the typical C-O, C-O-C, and C—OH stretching
bands of starch; however, changes in their relative inten-
sities and minor peak shifts suggest partial disruption of
starch crystalline order and formation of new hydrogen-
bonding networks. Such modifications imply effective
molecular interaction and compatibilization between the
two components.

Overall, the FTIR results confirm successful integration
of broccoli extract into the starch matrix through hydrogen
bonding and secondary interactions, leading to increased

Fig. 1 FTIR spectrum of starch
with variable ratios of broccoli
extract
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amorphous and heterogeneous structure. These spectral
changes indicating an enhanced intermolecular compatibil-
ity, which may beneficially influence the physical, thermal,
and barrier properties of resulting biopolymer films.

Scanning electron microscopy (SEM)

SEM is an important technique to analyze materials’ surface
morphology at the microscopic level. In this discussion, the
SEM images of starch films were integrated with different
concentrations of broccoli extract (1%, 3%, and 5%) in sam-
ples S2, S3, and S4, respectively. Functional and structural
properties of starch films were significantly influenced by the
incorporation of bioactive compounds from broccoli extract.

Sample S1 serves as the control starch film, providing
a baseline for comparison against samples S2, S3, and
S4, which incorporate varying concentrations of broccoli
extract. AS shown in Fig. 2, SEM images of S1 reveal a
smooth and homogeneous surface morphology, indicative
of a well-formed starch matrix without any added bioactive
compounds. This uniformity suggests optimal film forma-
tion and structural integrity, making it an effective control
for evaluating the impact of broccoli extract on film proper-
ties. The absence of extract allows for a clear understand-
ing of how the introduction of natural additives influences
surface characteristics and potential applications in biode-
gradable packaging. Further analysis of S1’s properties will
highlight the enhancements brought about by the integration
of broccoli extract in subsequent samples.
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Fig. 2 Topographic images of starch film with and without different ratios of broccoli extract

The SEM images of S2 reveal a relatively smooth sur-  good compatibility with the starch polymer. SEM images
face with minimal irregularities. The low concentration of ~ show an increase in surface roughness compared to S2.
broccoli extract likely enhances the film’s integrity without ~ The higher concentration of broccoli extract may lead to
significantly altering the starch matrix. Additionally, the = agglomeration, resulting in uneven surface texture. The
broccoli extract appears uniformly dispersed, indicating  presence of broccoli extract at this concentration enhanced

@ Springer




S. lbrahim et al.

the formation of pores and cavities, which could influence
the film’s permeability and moisture absorption properties.
Previous research by Kola et al. demonstrated that such
modifications could improve the functional properties of
biodegradable films [29].

S4 depict a significantly rougher surface with pronounced
features like pores and cracks. This suggests a higher degree
of extract integration, potentially leading to film brittleness.
The structural changes observed in S4 may compromise the
mechanical strength of the film. Different studies by Apos-
tolidis et al. declared that excessive incorporation of fillers
can lead to reduced tensile strength and elasticity [30].

The incorporation of broccoli extract not only alters the
surface morphology but also enhances the functional prop-
erties for example antioxidant activity, moisture barrier
properties, and biodegradability of starch films. Deshmukh
et al. have indicated that natural extracts can enhance the
antioxidant characters of films, and hence increase the films
suitability for food packaging applications [31].

The varying concentrations of broccoli extract may be
designed to verify specific functional requirements in food
packaging, that increased barrier properties and antioxidant
activities are crucial. starch films with varying concentra-
tions of broccoli extract highlights significant morphological
changes that correlate with the varying ratios of the extract.
While lower concentrations lead to smoother surfaces con-
ducive to mechanical integrity, higher concentrations intro-
duce surface roughness and porosity that could affect the
film’s physical properties. Further research focusing on the
mechanical and barrier properties, alongside a comprehen-
sive analysis of the antioxidant activity of these films, is
warranted to fully understand their potential applications.

Fig.3 DSC thermograms of
starch with variable ratios of
broccoli extract
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Differential scanning calorimetry (DSC)

DSC thermogram of the pure starch with different ratios of Broc-
coli extract is Cleary shown in Fig. 3. The pure starch sample
(S1) shows a characteristic broad endothermic region extend-
ing from approximately 40—150 °C, which is typical for native
starch systems undergoing moisture evaporation, relaxation of
amorphous domains, and partial disruption of crystalline struc-
tures. The relatively large negative heat-flow signal observed
for S1 indicates a higher degree of crystalline-amorphous tran-
sitions and energy consumption associated with the breakdown
of native starch granule organization. This behaviour reflects
the strong internal hydrogen bonding within the starch matrix,
which requires significant thermal input to disrupt.

When broccoli extract was incorporated at 1% (S2), the DSC
curve exhibited a noticeable shift and the appearance of a more
pronounced endothermic dip around 140—150 °C. This deeper
endothermic feature suggests that small amounts of extract
components (such as phenolics, organic acids, and small bioac-
tive molecules) interact selectively with starch chains, forming
localized ordered complexes that require higher thermal energy
for disruption. At this concentration, the extract appears to par-
tially reinforce or reorganize specific starch domains rather
than fully plasticize the matrix, leading to a distinct thermal
event not present in the pure starch sample.

Increased uniform and less intense thermal profile were
observed by increasing the extract concentration to 3%
(S3). The sharp endothermic transition observed in S2
becomes less defined, and the overall heat-flow curve shifts
upward. This behaviour suggests that higher concentrations
of broccoli extract begin to act predominantly as plasticiz-
ing and disordering agents, interfering with intermolecular
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hydrogen bonding among starch chains. Consequently,
the crystalline regions become less stable and require less
energy to disrupt, producing a smoother and lower-enthalpy
transition across the heating range.

At the highest extract content (5%, S4), the DSC thermo-
gram presents the most elevated baseline and the smoothest
transition profile, with minimal sharp endothermic features.
This indicates a substantial reduction in starch crystallinity and
a higher proportion of amorphous, extract-modified domains.
The extract likely enhances molecular mobility through
hydrogen-bond interactions with starch hydroxyl groups, lead-
ing to a more flexible matrix and reduced cooperative thermal
transitions. The progressive smoothing of thermal events and
reduction in enthalpy from S2 to S4 clearly demonstrate that
increasing broccoli extract concentration disrupts the native
starch network and enhances its amorphous character.

Overall, the DSC results reveal a concentration-dependent
effect of broccoli extract on the structural organization of
starch. Low extract levels (S2) induce specific interactions
that create distinct thermal domains, whereas higher concen-
trations (S3 and S4) lead to increasing plasticization, reduced
crystallinity, and broader, less pronounced thermal transitions.
These findings confirm that broccoli extract significantly
alters the thermal behaviour of starch matrices, with implica-
tions for processing stability, film flexibility, and functional
performance in biodegradable packaging applications.

Overall migration test

Overall migration tests were conducted according to EN
1186-5 and EN 1186-4 standards using food simulants A
(ethanol 10%), B (acetic acid 3%), C (ethanol 20%), and D2
(vegetable oil or isooctane substitute) to represent aqueous,
acidic, alcoholic, and fatty food contact conditions, respec-
tively as presented in Table 3.

Across all simulants, the measured overall migration values
varying from 0.1 to 1.4 mg/dm?, with mean values of 0.4, 0.8,
1.3, and 0.1 mg/dm? for simulants respectively A, B, C, and
D2. All obtained results are significantly below the regulatory
limit of 10 mg/dm? detailed by EU Commission Regulation
(EU) No 10/2011 and related standards, indicating excellent
overall migration resistance of the tested material.

Table 3 The overall migration from starch/5% extract broccoli

Method EN-1186-5 EN-1186-5 EN-1186-5 EN-1186-4

Replicates  (simulant A) (simulant B) (simulant C) (simulant
mg/dm? mg/dm? mg/dm? D,)

mg/dm?

1 0.3 0.9 1.2 0.1

2 0.5 0.7 1.3 0.1

3 0.4 0.8 1.4 0.1

Mean result  0.4+0.1 0.8+0.1 1.3+0.1 0.1+£0.0

Limit 10.0 10.0 10.0 10.0

The slightly higher migration observed in simulant C sug-
gests a modest tendency of extractable components to migrate
in moderately alcoholic environments, likely due to increased
polymer—solvent interactions or partial solubilization of low-
molecular-weight compounds. However, the very low migration
values across all simulants demonstrate the material’s chemical
stability and inertness under diverse food contact conditions.

The overall migration values obtained for different
food simulants were statistically analyzed using one-way
ANOVA. The results demonstrated significant differences
among the simulants (p<0.05). Migration values followed
the order C>B > A>D2, with mean values of 1.30+0.1,
0.80+0.1, 0.40+0.1, and 0.10+0.00 mg/dm?, respectively.

In conclusion, the results confirm that the tested material
complies fully with European food contact safety require-
ments, showing minimal overall migration and suitability
for a broad range of food types, including aqueous, acidic,
alcoholic, and fatty matrices.

Edible ink printing

The starch film with and without Broccoli extract were
printed by edible inks through Canon printer (PIXMA)
model iX6840.

As shown in Fig. 4, the visual inspection of the prepared
films clearly demonstrates that all samples formed continu-
ous, free-standing films with acceptable integrity, indicat-
ing good film-forming ability of starch as a bio polymeric
matrix. The control film, blank sample, (S1), composed
solely of starch, exhibited a relatively smooth, homoge-
neous, and translucent appearance, which is characteristic
of gelatinized starch films due to uniform polymer chain
dispersion and hydrogen bonding.

Incorporation of broccoli extract at increasing concentra-
tions (S2—S4) led to gradual changes in film color, opacity,
and surface texture. Films containing 1% broccoli extract
(S2) maintained acceptable transparency with a slightly yel-
lowish hue, while higher concentrations (3% and 5% in S3
and S4, respectively) resulted in more pronounced coloration
and increased turbidity. These changes could be related to the
existence of phenolic compounds, chlorophyll derivatives, in
addition to other bioactive constituents in broccoli extract,
which interact with the starch matrix and scatter incident
light. Similar observations have been reported for starch films
enriched with plant extracts and natural antioxidants [32, 33].

Despite increased extract loading, all films preserved struc-
tural continuity without visible cracks, indicating that broccoli
extract did not compromise the cohesion of the polymer net-
work. This suggests favorable compatibility between starch
and the phytochemical constituents of broccoli.

The addition of broccoli extract is expected to enhance
intermolecular interactions within the starch matrix.

@ Springer



S. lbrahim et al.

Fig. 4 Soluble starch films with
different ratios of broccoli extract
as substrate for printed edible
labels

Hydroxyl groups from starch chains can form hydrogen
bonds with phenolic compounds, flavonoids, and organic
acids present in broccoli extract. At low concentrations
(S2), these interactions may improve polymer chain pack-
ing and interfacial adhesion, resulting in uniform films [34].

Films S2 and S3 are anticipated to exhibit optimal barrier
performance due to balanced hydrophilic/hydrophobic interac-
tions, while S4 may show increased water vapor permeability
due to excessive hydrophilic compounds disrupting the poly-
mer network. Similar trends have been reported for starch-
based films containing vegetable and fruit extracts [35, 36].

All films successfully supported printed images using
edible inks, demonstrating good surface wettability and ink
adhesion. The starch-based matrix provides a porous yet
cohesive surface that enables ink absorption without bleed-
ing or significant diffusion. The presence of broccoli extract
did not negatively affect print clarity; instead, films S2 and
S3 exhibited improved ink contrast, likely due to reduced
surface gloss and enhanced ink anchoring.

At higher extract concentration (S4), slight surface irregu-
larities may influence ink uniformity; however, image integrity
remained acceptable. These findings confirm the suitability
of starch/broccoli films for printed active packaging, which is
essential for branding, labeling, and consumer communication
UX (User Experience) UI (User Interface).

The progressive enrichment of films with broccoli extract
(S2-S4) is expected to significantly enhance antioxidant activ-
ity, enabling these materials to function as active packaging
systems. Antioxidants released from the film matrix can delay
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lipid oxidation, reduce microbial growth, and extend food
shelf life. Film S3 (3% broccoli extract) is likely to represent
the optimal formulation, balancing antioxidant efficiency,
mechanical integrity, and printability. This active functionality
in accordance with current trends in sustainable food packag-
ing, whereas materials are designed not only as passive barriers
but also as contributors to food preservation and safety [37].

All components used in the developed films, starch, broc-
coli extract, and edible inks, are biodegradable, renewable,
and food-grade, increase their suitability for edible and
compostable packaging applications. The absence of syn-
thetic polymers, toxic solvents, or heavy metals enhances
consumer safety and environmental compatibility. These
films are particularly suitable for fresh produce packaging,
dry food wrapping, single-use edible labels and sachets, and
functional food packaging with health-promoting benefits.

The results clearly demonstrate that starch films incor-
porated with broccoli extract and printed with edible inks
represent a promising class of eco-friendly, active, and
printable packaging materials. Among the tested formu-
lations, S2 and S3 offer the best balance between func-
tionality, structural integrity, antioxidant activity, and print
quality. The developed system addresses key challenges in
biodegradable packaging and in accordance with world-
wide efforts to decrease plastic waste while improving
food safety and quality. Consistent with SEM images and
printable starch film, there is agreement between the sur-
face roughness with the ratio of broccoli and the quality of
edible ink print processing [38].
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Conclusion

Cationic potato-peel starch/broccoli, low cost and eco-friendly
biodegradable packaging film, was successfully prepared by
cast method. Blending of potato-peel starch enhanced the
flexibility and ductility of the prepared film. It also improves
resistance of the film to moisture and gas transmission. SEM
pictures reveal that introducing broccoli to cationic potato-
peel starch increases surface roughness and porosity which
enhanced its printability susceptibility. DSC results reflect
a reduction in crystallinity by the incorporation of broccoli
extract, which is of importance to film wettability and ink
adhesion. The overall migration results for all food simulants
used were below the specified limit of 10 mg/dm? specified by
the EU Commission Regulation (EU) 10/2011. This confirm
that the tested material complies fully with European food con-
tact safety requirements. In conclusion, Cationic potato-peel
starch/broccoli films were successfully printed with edible
inks and represent a promising class of environmental, active,
and printable packaging materials. These biodegradable print-
able packaging films valorizing agro-waste, reducing plastic
waste, and improving food safety and quality to great extent.
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