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Abstract

The detrimental effects of food waste and its by-products on the environment, economy, and society are significant. A sustainable solution to this problem
implies the extraction of organic compounds from waste and by-products, with the development of food packaging materials. The use of edible and
functional food packaging, food waste, and natural materials offers a sustainable method to minimize waste and plastic consumption. Fruit by-products are
particularly valuable food wastes containing beneficial compounds such as polyphenols, vitamins, and minerals. Edible and biodegradable films composed
of proteins, polysaccharides, and lipids can be utilized as substitutes for non-biodegradable packaging. By-product compounds are used in biodegradable
packaging films because of their accessibility, low cost, eco-friendliness, physical properties, unique sensory and nutritional characteristics, and improved
functionality. This study explored the potential applications of biopolymers, packaging materials, edible films, and coatings as substitutes for conventional
food packaging. To enhance the physical, mechanical, and antimicrobial properties of packaging systems and improve synthetic and bio-based films
enhanced with by-product compounds and their role in biodegradable food packaging.
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Introduction

Globally, the food industries produce extensive quantities of food
waste and by-products, mostly from fruit and vegetable resources.
Postharvest handling and storage generate significant waste due to
improper processing, creating many by-products!'l. These materials
have potential for utilization in food packaging, due to their organic
and nutritional composition. These food waste and by-products
have organic compounds like polysaccharides, polyphenols, fiber,
proteins, vitamins, and minerals, and lipids, which can offer health
benefits and improve food products' nutritional, functional, and
technological quality™?!.

These waste and by-products' bioactive compounds enable the
production of sustainable food packaging material with functional
polymers that are environmentally friendly®!. Food waste depletes
critical resources, such as water, land, and energy, resulting in food
loss. Globally, addressing this issue and governments, including the
EU, acknowledge its significance and advocate for strategic
measures to reduce food waste, such as waste legislation and food
waste management, which can lower production costs and enhance
food system efficiency!®. Waste valorization of by-products into
fuels, biomaterials, and chemicals is essential for a circular economy,
and the food sector prioritizes food waste prevention and reduction.
Recycling food waste creates value-added goods for animal feed,
biofuels, organic fertilizers, and energy productionl®.. Food residues
are edible portions of food materials discarded due to insufficient
storage, transportation challenges, suboptimal processing tech-
niques, and consumer behavior, at various stages including harvest-
ing, processing, distribution, and consumption(©l.

These by-products are mostly generated by industrial processes,
such as the production of wine from grapes, oil from olive pomace,
and various fruit-based products like juices, jams, and jellies. In addi-
tion, the processing of vegetables, including potatoes, tomatoes,
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fennels, artichokes, and carrots contribute to the formation of these
byproducts. These fruits and vegetable by-products contain natu-
rally organic compounds, and vital bioactive molecules such as
tocopherols, flavonoids, carotenoids, vitamins, and aromatic
compounds have beneficial antioxidant and antiviral properties!”..

Food by-products are used in biodegradable packaging to
improve film quality, extend shelf life, and enhance the safety and
recyclability of food items, contributing to the production of envi-
ronmentally friendly, decomposable packagingt®!. Around 40%—-50%
of garbage comprises roots, tubers, and other by-products from
fruits and vegetables. Generally, 10%—-35% of unprocessed fruits
and vegetables, including elements such as seeds, pulp, skin, and
pomace, are eliminated as by-productsi®l. Currently, researchers
have been exploring the use of fruit waste and by-products as nutri-
tional additives in various food items.

This investigation assessed the application of food industry waste
and by-products in packaging materials to moderate global
microplastic pollution. Various techniques for extracting bioactive
compounds from food waste have been examined. The incorpora-
tion of these substances into packaging materials enhances their
safety, durability, and preservation. This study shows the recent
advancements in functional packaging materials and their advan-
tages. It concentrates on the reuse of industrial food waste to
enhance packaging performance and biodegradability, emphasiz-
ing the role of by-product extracts in improving film characteristics.

Methods

A systematic methodology was employed to thoroughly collect
and analyze the literature related to fruit and vegetable waste and
by-products. A systematic review was performed using established
databases including Google Scholar, PubMed, Academia, and other
valued resources. The search keywords such as 'fruit and vegetable
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by-products’, 'food by-products extraction', 'fruit by-products bioac-
tive compounds', 'utilization in biodegradable material', and 'utiliza-
tion in food packaging'. The relevance and quality of the literature
that was collected were guaranteed by carefully defining inclusion
criteria. This published knowledge of food waste utilization is effec-
tive and up-to-date (2018-2025) because it includes peer-reviewed
studies, scholarly publications, and the latest credible academic
sources.

Economic impact of fruit and vegetable waste
and by-products

Fruit and vegetable waste and by-products contribute signifi-
cantly to economic losses in the food and agricultural sector. The
fruit and vegetable industry produces millions of tons of residues
annually, causing substantial financial obstructions®.. According to
the World and Agriculture Organization, one-third of edible food
intended for human consumption is lost or wasted, representing
approximately 1.3 billion tons per year, valued at around USD$1
trillion(191,

The most common waste of fruit and vegetable by-products,
including seeds, pulp, skins, or pomace, which make up 10%-35% of
the raw mass, as well as roots and tubers, with residues ranging
from 40%-50% of the total discards!''l. Interestingly, the waste
generated from fruit and vegetable processing contains valuable
bioactive substances with functional properties, such as antioxi-
dants and antibacterial compounds. This presents an opportunity
for economic recovery through the utilization of these wastes in
various industries. For instance, fruit and vegetable waste can be
used as ingredients, food bioactive compounds, and biofuelst! .

On a global scale, fruits and vegetables rank the most wasted
food categories, with over 40% lost annually due to deterioration,
inefficient supply chains, and consumer behaviour. The World
Resources Institute has emphasized that curtailing such waste could
result in savings of up to USD$300 billion worldwide by 203002
Figure 1 shows data and information from openly accessible
databases, reports (2016-2022), and studies measuring food loss
and waste across countries!'2],

Fruit and vegetable waste significantly influences economic and
environmental losses in the US. According to the USDA's '2030
Champions' initiative, the US food industry faces substantial chal-
lenges with post-harvest and retail-level food losses, particularly for
perishable items like fruits and vegetables. In 2022 alone, programs
such as Amazon Fresh and Whole Foods diverted over 108,000 tons
of food waste from landfills, transmitting it to sustainable uses, such
as composting or anaerobic digestion. These efforts support
broader goals to decrease food waste by 2030, reflecting a focus on
optimizing distribution systems, enhancing food recovery, and mini-
mizing waste through technological advancements!'2,

Although fruit and vegetable wastes and by-products result in
significant economic losses, there is a need to establish their poten-
tial value. Implementing circular business models and sustainable
waste management practices can mitigate these losses and create
new economic opportunities!’3l.

Organic compounds of fruit and vegetable waste
and by-products

By-products from fruits and vegetables are rich in beneficial
compounds including phenolics, carotenoids, and other bioactive
substances. These residual materials contain phytochemicals that
provide a range of health benefits such as antibacterial, antidiabetic,
and cardioprotective effects, antioxidant, anti-inflammatory, and
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Fig.1 Food loss and waste (2016—2022) across different countries.

anticarcinogenic properties that contribute to their diverse health
benefits'4l, Bitter gourd, a traditional vegetable, has byproducts
peel, flesh, and seeds with significant involvement in antibacterial,
antihyperglycemic, and antihyperlipidemic. Pharmaceutical foods
capable of promoting health can also benefit from these
products!'>l,

Byproducts of pomegranates and grapes are rich in phenolic
compounds and antioxidants and are commonly used in abundant
food products. Incorporating these byproducts into foods increases
the content of bioactive substances and dietary fiber, helping to
minimize oxidation inhibit microbial growth, and increase the
compositional and sensory evaluation of food products!'®. Among
all food wastes, roots, tubers, and oilseeds account for the largest
portion, accounting for approximately 25% of all vegetables and
fruits, constituting 21% of the total food consumption. The next
highest contributors are cereals and pulses, accounting for 14% of
dietary intakel'7),

Grapefruit pomace, abundant in antioxidants, such as phenolics,
flavonoids, and carotenoids, shows considerable promise as a func-
tional ingredient that can be incorporated into various food
products!’®. The concentration of phenolic compounds varies
depending on the specific part of the material in avocados, the seed
or pulp has less, and peelings have a higher phenolic compound!'9l.
Bioactive compounds are rich in the seeds of fruits, and mango
peels exhibit significantly higher total phenolic content (92.6 mg
GAE/g) than flesh (27.8 mg GAE/q), regardless of fruit ripeness[20,

The food production sector produces between 40% and 50% of
plant-related waste and byproducts. These include various parts of
fruits and vegetables such as peels, skins, shells, roots, branches,
stones, and seeds?'l, Among all fruits and vegetables, mangoes
produced the most waste (60%), followed by citrus fruits (50%), fury
fruit (45%), ananas (33%), and both pomegranates and legumes
(40%). Bananas, apples, grapes, potatoes, and tomatoes also
contribute to overall waste production in this industry(22,
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Almost 30% of date palm crops are lost during harvest, storage,
and conditioning. Lower-grade dates and inedible components
recovered during harvest can provide economic benefit to farmers
and the food industry economically by integrating nutritional
content into products?3l. Including these waste and by-products
into the food supply addresses economic and ecological concerns,
while potentially enhancing consumer appeal through beneficial
components. However, most studies have evaluated the in vivo
effects, bioavailability, and toxicity of these novel products, which
are essential factors for determining their safety and possible health
benefits(22l,

Extraction methods for bioactive compounds
from food by-products

Fruit and vegetable by-products are assessed on their nutrients
and health-promoting compounds in their natural form. However,
the waste produced from these foods has become a major issue,
leading to environmental issues, economic losses, and wasted nutri-
tional valuel?4, Extraction technologies suitable for bioactive
compound processing, such as microwave-assisted extraction, pres-
surized liquid extraction, and subcritical water extraction provide
extra advantages and can be a substitute for traditional methods
because of their efficiency, cost-effectiveness, and eco-
friendliness[2),

Microwave-assisted extraction

Microwave-assisted extraction (MAE) is a highly effective tech-
nique for extracting bioactive chemicals from fruit and vegetable
waste and by-products. The primary use of this method is extraction,
as it effectively minimizes the amount of solvent needed, decreases
energy consumption, shortens extraction periods, and enhances
extraction efficiency and selectivity. As a result, it yields high-quality
target products?l, Different studies have utilized MAE methods to
extract pectin from various fruit waste materials, such as longan
seed, tomato skin wastel?7], apple pomacel28, banana skin[?%, pitaya
and passion fruit peel3%, lemon, mandarin, and kiwi peel3'l,

The study found that the highest microwave power used on the
fruit waste, specifically sour cherry pomace, was 700 W2, This
process can also be used to obtain other biochemical substances,
including antioxidants from black carrot pomace, and mango seed
kernels as well as pitaya peel, and flavonoids from jocotel3. Table 1
represents the utilization in recent studies on fruit and vegetable
byproducts for the extraction of bioactive compounds.
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To achieve the maximum amount of the desired molecule,
microwave-assisted extraction is suggested instead of conventional
or domestic microwave ovens. Microwave-assisted extraction allows
for the monitoring of important parameters such as pressure and
temperature®, The study examined the impact of microwave-
assisted extraction (MAE), and ultrasound-assisted extraction (UAE)
on pectin extraction and chemical properties in banana peels. The
impact of microwave power on MAE examined the effects of extrac-
tion time on pectin production and quality. Increased microwave
power and extraction time led to higher pectin production and
chemical properties. Yield percentages ranged from 20.93% to
22.91% for microwaves at 300 W for 5—-15 min. MAE-extracted pectin
contained moisture, ash, esterification, methoxyl, and galacturonic
content of 8.98%, 5.40%, 75.50%, 12.00%, and 57.80%, respectively.
The study examined the impact of temperature and sonication time
on pectin yield and quality in ultrasound-assisted extraction
(UAE)01,

Ultrasound-assisted extraction (UAE)

UAE is an efficient and rapid method for enhancing pectin and
other organic compounds yield. In UAE, the collapse of bubbles of
cavitation induced by the movement of sonic waves produces a
substantial force of shear. The biological membranes rupture, caus-
ing extractable chemicals to be swiftly discharged into the medium
as the bubble collapses. The solvent effectively infiltrates cellular
materials, which improves mass transfer, shortens processing times,
and boosts the overall yield“'l. This method also leads to a decrease
in the average molecular weight of the compounds involved,
changes the level of methylation, breaks down neutral sugar side
chains, enhances antioxidant activity, and alters both the flow prop-
erties and pectin structurel#2],

Different studies suggested that high amounts of pectin from
different resources with Algerian dates!*3), apple peel™4, custard
apple peel“?, and walnut processing wastes*6l. Specifically from
apple peels and jackfruit rind, organic acids have demonstrated
great pectin productiont’! durian and citrus peels responded better
to mineral acids[“849, The use of citric acid along with ultrasound-
assisted extraction showed increased pectin production from lime
and mango peels9, Another study found that using citric acid from
satsuma mandarin peels, combined with high hydrostatic pressure,
resulted in a higher pectin yield compared to traditional
methods®'l,

Table 1. The utilization of MAE of fruit and vegetable waste for bioactive compounds.

Fruit and vegetable

by-products Bioactive compounds Process conditions Agent Optimum yield Ref.

Dragon fruit peels and Pectin 10-12 min, 75 °C, Methanol and specific Red dragon fruit (17.01% + 0.32%), white dragon [30]

passion fruit peel (153-218) W pH (2.9-3.0) fruit: (13.22% + 1.42%), passion fruit: (18.73% +
0.06%)

Black carrot pomace Antioxidants, 5min, 110 °C, Hot acidic water and Phenolic compounds (1692 + 79.4 mg GAE/I) [34]

anthocyanins, output 20%, 900 W pH 2.5 and antioxidants: (60 = 9.6 MTE/mL)
phenolics anthocyanins value is (456.8 + 38.2 mg/L)
Longan seeds Pectin 3.5 min, 700 W 50% ethanol as a Good yield of pectin and 64.95 + 20.56 mg [35]
processing agent GAE/g dw phenolic contents

Peels of lemon, Pectin 1-3 min, 60-75 °C, Nitric acid (HCI) Lemon: 7.31%; mandarin: 7.47%; kiwi: 17.97% [31]

mandarin, and kiwi 360-600 W

Apple, orange and Pectin 10-180 min, 90 °C, Water orange peel: 12.9% * 1.0%; mango peel: 14.7% + [36]

mango peel, carrot 50-200 W 0.6%); apple pomace: 14.7% * 0.1%; carrot pulp:

pulp 6.3% + 0.7%

Black carrot pomace Phenolics, flavonoids, 9.8 min, 348.07 W 20% ethanol used as a Polyphenolic (264.9 + 10.02) mg GAE/100 mL; [33]

and anthocyanins processing agent flavonoid: (1662.2 + 47.3) mgQE/L; anthocyanins

(753.4 +31.6) mg/L

Lemon peel Essential oil, pigment 50 min, 20 °C/min, 500 W 80% methanol Essential oil: 2 wt.%; pigment: 6 wt.% [37]

Mango peel extract Phenolic compound, 360 W for20s Ethanol : water ratio of The total phenol content and antioxidant [38]

antioxidant

20:80

activity of the extracts increased significantly
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It was found that utilizing hot water for extracting pectin from
sweet lime peels produced excellent outcomes, with nearly 24% of
the pectin and a suitable gallic acid (71%) contentl2. The study
compares the effectiveness of hydrochloric acid (HCI) and UAE
(unsaturated fatty acid) in enhancing pectin yield from sweet lime
and grapefruit peels. HCl yields high and compact pectin, while UAE
enhances its bioactivity. The study also compares the structural,
functional, antioxidant, hypoglycemic, and rheological properties of
the extracted pectinst*8>3], Coriander leaves, flowers, and seeds are
abundant in their nutritional components and bioactive
compounds. Microwave drying and ultrasonic-assisted extraction
are effective techniques for optimizing the retention of these
constituents in powder and ethanolic extracts, respectively>.

Figure 2 shows that the combined use of fine grinding, hydro-
chloric acid, and ultrasound-assisted extraction was determined to
enhance pectin recovery. The UAE procedure was effectively opti-
mized by applying the Response Surface Methodology, yielding
high pectin (26.35%), high galacturonic acid content, (69.11%), and
a low degree of methylation (22.14%) from pummelo peels. The fast
extraction of pectin (9.38 min) by a combined approach utilizing
ultrasound-assisted extraction (UAE) and hydrochloric acid (HCI)
may reduce the adverse effects of acid on the structural integrity
and quality of pectin®.. Conversely, the use of industrial potato peel
by-products resulted in higher yields of antioxidant extraction
compared to combinations with ultrasound treatment5¢l, UAE
extraction efficiently extracts bioactive compounds from fruit and
vegetable waste, offering high yields, purity, and bioactivity, benefi-
cial for the food, and pharmacy industries(6l,

Pressurized liquid extraction (PLE)

PLE is an eco-friendly and efficient method for extracting bioac-
tive components from fruit and vegetable residues and by-
productst®’l. The PLE method was used for bioactive components
from pomegranate peel using a mixture of pressurized water and
ethanol to identify the ideal PLE conditions, specifically the ethanol
concentration and processing temperature, to achieve a pome-
granate peel extract with maximal total phenolic content, punicala-
gin concentration, and antimicrobial activity. The total phenolic
content and punicalagin concentration of PPE-PLE acquired under
optimum circumstances were 164.3 + 10.7 mg GAE/g DW and 17 +
3.6 mg/g DW, respectively. Our findings indicate that PLE is

Food waste and by-products for packaging materials

effective for TPC recovery, but not for punicalagin recovery. The
antimicrobial activity against S. aureus was 14 mm[s8l,

The acai by-product constitutes 80%-90% of the berry's bulk. To
repurpose the by-product, pressurized liquid extraction (PLE) was
employed at elevated temperatures (115 °C) using a solvent mixture
of ethanol and water (75 wt%) to enhance the acquisition of antioxi-
dant extracts. The PLE conditions were subjected to kinetic analysis
and economic assessment. The conclusion of the initial theoretical
extraction period (t CER) yielded the extracts' lowest cost of manu-
facturing (COM). PLE has demonstrated both technological and
economic viability in extracting acai by-product extracts with veri-
fied antioxidant propertiest®. Pressurized liquid extraction (PLE)
and enhanced solvent extraction (ESE) are two applications for jute
fiber that generate bioactive food packaging materials. The extrac-
tion yield and antioxidant capacity of red grape pomace extract
(RGPE) were achieved using two different methods: ESE (enhanced
solvent extraction) and PLE (pressurized liquid extraction). The
changes were validated by altering the pressure (10 and 20 MPa),
temperature (55-70 °C), and co-solvent conditions (C,H;OH : H,0).
PLE yields the maximum bioactive extract at a pressure of 20 MPa,
temperature of 55 °C, and time of 1 h. The extraction solvent utilized
is a combination of C;H;OH and H,O, which showed antibacterial
activity against pathogens such as E. coli%, Table 2 demonstrates
several studies of fruit and vegetable waste and by-product extrac-
tion of bioactive components by pressurized liquid extraction.

Sub-critical water extraction (SWE)

Subcritical water extraction is an advanced technology that offers
remarkable benefits in the potential to efficiently process fresh raw
materials to produce natural valuable products sustainably. The
effectiveness of this approach in extracting lipophilic components
from plant biomass using water is well recognized and has recently
produced renewed interestl®4, The sub-critical water extraction
method produces high-quality extracts and is cost-effective, quick,
and betters traditional extraction methods©465],

The conditions for SWE were optimized to get the highest pectin
yield from cocoa pod husk (CPH). The features of CPH pectin
extracted using SWE were then compared with those of CPH pectin
produced using conventional extraction (CE) with citric acid. The
optimum extraction conditions of 120 °C for 10 min with 1:15 g/mL
resulted in a maximum pectin yield of 6.58%, which closely matched
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the expected value of 7.29%. In comparison to CE, SWE exhibited a
greater yield and provided a better level of esterification, methoxyl
content, and anhydrouronic acid value, but with a reduced equiva-
lent weightl65],

Another study examined how extraction temperature (95-155
°C), and time (20—-100 min) affected yield and purity. The crude
extract and a concentrate at 1/6 of the original volume were tested
for yield and purity according to extract pH and alcohol content.
Ultrafiltration through ceramic hollow fiber membranes is concen-
trated. After precipitation with 70% alcohol, the concentration was
purest at 96%. SWE extraction and ultrafiltration can produce hemi-
cellulose from fruit waste for material uses®l. Table 3 shows the
different studies of fruit and vegetable by-products involving sub-
critical water extraction.

Figure 3 demonstrates the extraction of pectin from jaboticaba
by-products using the subcritical water extraction modified with
deep eutectic solvent (SWE-DES). The operational parameters were
optimized using response surface methods, resulting in 122 °C, 8%
DES, and a flow rate of 2 mL/min. SWE yields are 1.5 to 1.8 times
greater than those from standard extraction methods. When SWE-
DES was used and increased the yield of pectin, the galic acid
content, antioxidant capacity, and stability of the emulsion were all
higher than in the control group72.

Biodegradable materials from fruit and
vegetable by-products

The selection of suitable materials is essential for producing eco-
friendly, biodegradable films, and coatings. The best biomaterials
including polysaccharides, starch, pectin, chitosan, cellulose, and
alginates, biodegradable proteins, such as gelatin, casein, glutenl’3],
lipids, oils, and waxes enhance the effectiveness of packaging
materialsl’4l. Sustainable alternatives to nondegradable packaging
materials have emerged as biodegradable packaging materials
derived from biopolymers, attracting significant concentration[73l,
The classification of polymers is determined by their origin from
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natural, synthetic, and microbial fermentation have some advan-
tages, which are also listed in Fig. 4176771,

Biopolymer packaging films provide significant benefits to the
food industry due to their non-toxic nature and efficient regulation
of water vapor, oxygen, and fat in food products, thus enhancing
agricultural markets by preserving food quality extending shelf life,
and assisting the delivery of active elements such as antimicrobials,
antioxidants, and nutrients are key advantages of biopolymers[78l,
Fruit and vegetable processing yields valuable byproducts that are
used as biodegradable biopolymers to enhance artificial materials
with bioactive compounds and nutrients in food products!79l.

Polysaccharides, which are complex molecules derived from
carbohydrates, are chains of monosaccharide subunits. They, along
with proteins, are crucial in films/coatings owing to their biodegrad-
abilityl®, Important polysaccharides, including cellulose, starch,
xanthan, chitosan, inulin, pectin, and sodium alginate, act as barri-
ers. Cellulose, which is found in high-fiber plants by-products such
as sugarcane, fruit and vegetable peels, and starch in sweet pota-
toes, beans, peas, and algae. Cellulose is cost-effective, microscopic
crystals extracted from various plant-based waste materials exhibit
desirable mechanical properties and eco-friendly attributesl’. The
potential of bioplastics composed of chitosan and cellulose nano-
crystals, derived from mango waste and combined with polyvinyl
alcohol, as effective films for packaging!®'l.

Although certain bioplastics may exhibit adverse effects related
to moisture sensitivity, future research should focus on operational
improvements. These limitations have prompted a global shift
towards environmentally benign materials or biocomposites com-
prising a mixture of food waste. The utilization of various fruit- and
vegetable-based substances as potential films for bio-packaging has
gathered significant attention from researchers aiming to develop
viable alternatives to conventional plastics(®2],

The research developed a biodegradable packaging film using
orange peel that has high cellulose content and is plasticized with
glycerol, shows promising results, exhibiting strong durability, flexi-
bility, and biodegradability, even in stained conditions, as indicated

Table 2. Studies of fruit and vegetable by-products PLE extraction for organic compounds.

Fruit and vegetable

by-products Organic compounds

Extraction condition

Solvent Optimum yield Ref.

Skin and seed of grape Polyphenols and antioxidants

pomace contents atm, 250 s nitrogen purge
Pomegranate peel Punicalagin and total phenolic 200 °C
content

Olive pomace Total phenolic and flavonoid

content, aminooxy acetic acid, CO,

Beetroot by-products  TPC, aminooxy acetic acid

and residues 40 °C

5 min, 100-160 °C, 10

65-180 °C, supercritical

7.5-12.5 MPa, 3 mL/min,

20%-60% ethanol  Phenolic compounds of skin: 1.98 mg GAE/g [61]
DW, seed: 12.54 mg GAE/g DW

TPC: 164.3 mg GAE/gDW, punicalagin: 17 [62]
mg/g DW

TPC: 280.37 mg GAE/g DE, AOA: 6.88 MTE/g  [58]
DE

77% ethanol

80%-92% ethanol

70%-100% ethanol Total phenolic content in leaves: 252 mg [63]
GAE/g, AOA: 823 MTE/g

Table 3.

Progress studies of fruit and vegetable waste involving SWE extraction.

Fruit/vegetable

by-products Bioactive compounds Process conditions Agent Optimum yield Ref.

Grape pomace Phenolics, flavonoids 50-190 °C Water Extract phenolic compounds: 29 g/100 g [67]
extracts

Citrus peel Total flavonoid content 145-175°C, 15 min Water [68]
TFC: 59,490 g/gdb

Dates by product  Total phenolic content, 120-180 °C for 10-30 min,  Aqueous mixture  TPC: (9.97 mg GAE/g), TFC: (3.52 mg QE/g), [69]

(seed) aminooxy acetic acid, TFC,

dietary fiber

120-160 °C for 5-30 min,

Peel of kiwifruit Aminooxyacetic acid, total and 160 °C for 20 min
phenolic and flavonoid content
Xyloglucan component, TPC,

aminooxy acetic acid

100-200 °C (175 °C),
5.03-13.55 min

Tamarind seed

and 144 °C for 18.4 min

AOA:(1.67 mg TE/g) and dietary fibers: 29 g/mg

Aqueous mixture  TPC: (51.24 mg GAE/gdw), TFC: [70]
(22.49 mg CE/gde),
AOA: (269.4 mM TE/gdw)

Water Xyloglucan (62.28%), [71]

TPC: (14.65-42.00 gGAE/g), and AOA:
(1.93-3.20 MTE/qg)
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by its rough surfacel®3. In polysaccharide-based systems, essential
oils contribute antioxidant and antibacterial properties. Polysaccha-
ride-based biodegradable materials improve mechanical, and ther-
mal qualities while lowering production costs!84,

Starch, which is widely available in nature, is a crucial energy
source for both animals and humans. It is composed of two main
elements: amylose, which consists of D-glucose residues connected
in straight alpha-(1-4) configurations, and amylopectin, which
accounts for approximately 6% and is distinguished by alpha-(1-6)
bonds that create branches in the primary structure. When exposed
to specific conditions involving plasticizers, high temperatures, and
mechanical forces, starch displays thermoplastic qualities, compris-
ing water-insoluble components with various forms, structures, and
crystalline arrangements!83,

Research found that making bioplastic varieties derived from
banana peel starch, incorporates potato peel powder, and wood
dust powder, along with glycerol as a plasticizing agent. The find-
ings showed enhanced water absorption and the weakest tensile
strength across 12 specimens, each containing varying quantities
and mixtures of fillers and plasticizers!ol.
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Starch is recognized for its cost-effectiveness and adaptability and
starch-made films face several challenges, incorporating limited
thickness, pliability, clarity, poor mechanical characteristics, and
high permeability to water vapour. These drawbacks have hindered
the extensive application of starch-based films in manufacturing(7.,
Biodegradable starch-based food packaging helps to reduce waste
and environmental pollution. Enhancing starch-derived products
needs further exploration with regards to biopolymer or additive
addition, and different manufacturing techniques!®7.,

Plant cell walls contain numerous colloidal pectin heteropolysac-
charides, which are commonly found in waste from food processing
and biomass by-products. Pectin extracted from waste materials
acts as a polymeric substance for active packaging, offering addi-
tional advantagesl®’l. It increases viscosity, provides stability,
improves texture, and forms gel-like structures(®l. Pectin also
enhances the antioxidant and antibacterial properties of substances
added to functional packaging and is compatible with proteins,
lipids, and polysaccharides.,

Commercial pectin is primarily derived from byproducts of fruit
juice production and citrus peels. Research indicates that pectin can

Ali et al. Food Materials Research 2025, 5: e004
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be extracted from various sources, including citrus peels, apple pulp,
beet pulp, watermelon peel, pomegranate peel, and pumpkin(89,
Figure 5 illustrates that citrus peels and pomace are rich in pectin
and can be used as a matrix for food packaging films. Citrus pectin
provides good solid support for natural active compounds. Packag-
ing films have a wide range of applications in extending the shelf-
life of food products.

Food packaging films have been developed using the peel
powder of citrus fruits such as oranges, lemons, limes, and pomelos.
The high pectin and cellulose contents in citrus peel powder allow it
to function as a film matrix. When used in smaller quantities, citrus
peel powder increases the tensile strength of the films owing to the
adhesive interactions with the matrix. However, extreme quantities
can indicate particle clumping, potentially reducing the films' tensile
strength and their ability to stretch water vapor and oxygenl®,
Higher concentrations of citrus peel powder increase light barrier
properties, thermal stability, and antioxidant and antibacterial capa-
bilities®™,

A molding technique is used to produce edible composite films
using a combination of egg albumin, casein, and pectin extracted
from red pomelo peel. Composite films were formed by varying the
proportions of the three components. The incorporation of pectin
into the composite films resulted in crack-free structures, indicating
proper homogeneity without phase separation and a decrease in
the level of disorder within the films the addition of pectin
enhanced their thermal stability®2],

Functional characteristics of biodegradable
packaging materials

Packaging films can be manufactured using biopolymers
extracted from fruit and vegetable wastes. These packaging films
normally demonstrate good mechanical and physical characteristics.
Towards these limitations, the addition of bioactive components
attained from food waste and these components may boost and
enhance the inferior properties®. Several variables contribute to
the external forces and pressures that affect biopolymers. these
include the physical configuration, chemical composition, crys-
talline structure, molecular mass, and kind of polymer!®3],

The physical-mechanical properties of films are modified when
various polymers are incorporated through each other. The quality
of composite films is enhanced by combining proteins like milk

Gringding

Casting

—>

Extraction

™

Pectin

Pakaging film
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protein, collagen, gelatin, and gluten with polysaccharides such as
chitosan, alginate, and cellulosel®¥. Pomegranate and grape seed,
peel waste improved the functional properties of the films obtained
from silver carp surimi gels. These films present decreased solubility,
increased filminess, less elasticity, and higher tensile strength,
suggesting a link between the phenolic compounds and the film
matrix and lower water absorption®3l,

A film was created with a mixture of proteins, pectin, CeO,
nanoparticles, and cardamom extract. It showed strong mechanical
properties, moisture resistance, and photocatalytic characteristics,
resulting in improved stability and antimicrobial effects and provid-
ing a sustainable and adaptable alternative for packaging®l. The
combination of different materials such as emulsifiers, surfactants,
plasticizers, and strengthening agents enhances the physiological
properties, improved stability, increased flexibility, and enhanced
characteristics of biodegradable films®. To prevent polymer
collapsing, non-volatile substances are used as plasticizers decreas-
ing intermolecular hydrogen bonding, strengthening and linking
polymer chains, and promoting plasticity, and extension®71,

A previous study examined films composed of chitosan and peel
extracts from blueberries red grapes and carboxymethyl cellulose.
The peel extracts have antioxidant and antibacterial properties and
improve the physical, mechanical, and barrier properties of edible
films. The biodegradable films showed excellent antioxidant capa-
bilities and effectively controlled oxygen permeabilities®], A
nanocomposite film was created using apple peel pectin, potato
starch, and zinc oxide particles with Zataria multiflora essential oil
encapsulation. This film showed antimicrobial and antioxidant
potential, prolonging the shelf life of meat products and enhancing
their physical characteristics®.

Researchers have extracted, analyzed, and applied starch from
jackfruit seeds (JSS) and xyloglucan from tamarind kernels (XG) to
develop biodegradable packaging materials. JSS/XG nanocompos-
ite films were fabricated by incorporating zinc oxide nanoparticles
(ZNPs). The combination of JSS and XG reduced the hydrophilic
properties of the composite films and improved their mechanical
strengths['99. Date palm pit extract was combined with alginate at
different concentrations. Incorporating DPPE into alginate films
decreased their solubility and surface wettability by 37%—-64%.
Additionally, it enhances the resistance to vaporization, flexible
strength, and elongation at break and high solubility. The film

Application

=

Aquatic products ~ Baked food

Meat

Fruits and vegetables

Fig.5 Citrus peels/pomace rich in pectin and used as food packaging films?°°.
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containing 40% DPPE exhibited the least decline in phenolic
content, antioxidant activity, and FRAP after three months!107,

Application of by-product biomaterials in
packaging

Edible films serve as protective layers and advanced packaging
solutions by altering various properties, such as strengthening
mechanical features, decreasing permeability, enhancing barrier
functions, generating an active antibacterial surface, and boosting
heat-resistant!'%2, The application of these films and coatings allows
consumers to integrate them into food items, thus minimizing the
negative impacts on food quality. For safety and biocompatibility
reasons, edible materials are preferable for film productionl'03,
Packaging of food products serves multiple purposes, including
inhibiting bacterial growth, enhancing protection against environ-
mental factors and oxidation, preserving flavor, and masking
unpleasant smells'%4, Contemporary innovation in packaging mate-
rials involves the incorporation of active components to enhance
the quality and prolong the lifetime of the product!'93],

However, the primary method for delaying and improving pro-
duct durability using synthetical antioxidants, but their harmful
impact on human well-being and high costs['%l. There is significant
value in natural antioxidants and antimicrobial agents as bioactive
elements in the development of packaging and edible coatings!'71,
Biodegradable packaging materials can be developed through the
integration of natural biopolymers from fruit and vegetable waste
and by-products. This approach improves the functionality of pack-
aging films and provides sustainable and eco-friendly packaging!'°8l,
and valuable resource natural polysaccharides®. The addition of
fruit waste and by-products into packaging has numerous advan-
tages, extended product shelf life, quality preservation, improved
antioxidant capability, increased nutrient content, decreased lipid
oxidation, and the preservation of sensory characteristics!'09,

Consumable coatings, such as Arabic gum, garlic, ginger, and aloe
vera gel, enhance the post-harvest quality and storage durability of
the Gola guava. A mixture of garlic extract and gum Arabic particu-
larly decreases discoloration and mass reduction, so extending the
shelf life of guava and increasing total soluble solids!''%l. A further
study utilized finely milled vegetable waste to create a powder that,

ER R

Chitosan ~ Glycerol Gil1gérol-A§NPs Vanillin
solution (Gin-AgNPs) solution

- -
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solution cellulose (CMC)
solution

Film-forming
solution

&
Y
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evaporation
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when treated with an HCl solution, showed mechanical qualities
comparable with standard materials such as plastic, showing the
importance of specific moisture control and mass reductionl''"], The
research found that combining different ratios of corn starch and
date pit powder increased film thickness, elasticity, phenolic
content, and antioxidant properties while reducing the water solu-
bility and vapour permeability. Scanning electron microscopy
revealed that up to 30% date pit powder improved the morphologi-
cal features of the films, ensuring that all films were environmen-
tally degradablel'2,

The development of antioxidant-enriched edible films derived
from papaya with suitable drying parameters and incorporated
Moringa leaf extract and ascorbic acid. A dehydrator was chosen for
film production because of its efficient drying time and its ability to
maintain its natural properties. The addition of both bioactive
compounds affected the shelf-life stability of minimally processed
pears, with ascorbic acid particularly influencing sensory accep-
tancel'3, Figure 6 shows that packaging films using cassava starch,
chitosan, and carboxymethyl cellulose with glycerol as the plasti-
cizer. These films need modifications to enhance their mechanical
properties. The films for modification added vanillin as the crosslink-
ing agent and gingerol extract-stabilized AgNPs. With these films,
CT/CV/V/CMC/Gin-AgNPs1 showed superior mechanical and antibac-
terial properties. Table 4 illustrates the utilization of fruit and
vegetable waste by-product biopolymers in films/coatings, high-
lighting their properties.

Effect of biodegradable food packaging on shelf
life

The addition of bioactive compounds derived from fruits and
vegetables into packaging materials, such as films or wraps, inhibits
microbial growth, and extends the food's product shelf-lifel’27l.
Biodegradable packaging has an important role in food preservation
and increases the storage durability of food products!'28], By utilizing
by-products to create edible films or coatings, a protective layer
developed on food surfaces and helps to reduce moisture loss,
control gas exchange, and prevent microbiological contaminants!'29],

Pectin, a by-product of fruit processing, is used to make edible film
to encapsulate fruits and extend their storage life. Over 16 d of

Biodegradation
T UV protection

Good mechanical
properties

\ Anti-bacterial

l activity

Food packaging application

Fig.6 Cassava starch and other biopolymer films used for food packaging!'2%.,
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Table4. Fruitand vegetable by-product polymers for increased properties of packaging materials.

Packaging film/

Fruit/vegetable by-products coating material Properties of films Ref.
Mulberry leaf Pectin Improve mechanical properties, effectiveness as barriers, antibacterial and antioxidant  [114]
activity, extending storage life.
Citrus peel Pectin, cellulose nanofibrils  Bioplastics have flexibility, gas barrier properties, antimicrobial activity, and an [115]
extended shelf life for bananas and mangoes.

Red pomelo peel pectin Casein, egg albumin The reduction of water vapour permeability and the increase in strength tension have  [92]
enhanced film thermal stability.

Skin and seeds of pumpkin Protein, pectin improved mechanical and barrier properties [116]

Palmyrah fruit fiber Cellulose nanofiber, starch  Starch films with improved tensile strength, reduced water vapour transmission, and [117]
excellent biodegradability.

Fruit pectin Rubus chingii Hu.  Pectin, Tara gum Increased water resistance, thickness, and mechanical properties. [118]

Oil palm fruit bunch carboxymethyl cellulose Biodegradable microcarriers with enhanced mechanical stability, swelling properties,  [118]
and biodegradability are applicable for therapeutic and industrial uses.

Orange peel Fish gelatin, pectin Increased resistance to spoilage, better preservation for cheese packaging. [119]

Pumpkin seed Pea starch Enhance gas permeation resistance and stretchability while reducing tensile strength,  [120]
and moisture absorption. Adding pumpkin seed starch improved water repellency and
decreased film spreading out.

Berry leaf Material used sodium Enhanced physicochemical characteristics, increased phenolic compounds, greater [121]

alginate yield strength, and reduced length.

Bagasse extract Gelatin The shelf life of frozen beef is prolonged using active films. These functional films [122]
influence adequate physical and barrier properties, effectively inhibiting the oxidation
of beef lipids and proteins.

Kiwifruit peel Pectin The film with watermelon peel pectin had superior tensile strength and Young's [123]
modulus. Increasing the kiwi peel extract concentration increased film turbidity,
elongation, and water vapour permeability.

Pineapple peel Alginate /peel extract The preservation of bovine red meat colour was effectively attained through improved [103]
antioxidant and antibacterial properties.

Grape seed Pectin/seed extract Extended storage durability, enhanced physical attributes, increased antimicrobial [124]
activity and oxidative stress, and reduced sourness.

Sesame pulp Starch/pulp Reduction in spoilage indicators, and improved shelf life of beef under extremely low [125]

temperatures.

storage, fruit characteristics were evaluated and showed that guava
fruit coated with these films remained fresh, reduced weight loss,
and extended shelf life, although the uncoated fruit suffered from
weight loss!’39, Another study integrated gelatin, chitosan, pectin,
and fennel essential oil, which enhanced the film's peak elongation
and tensile index. The films achieved elasticity from (14.03%-31.61%)
and strength from (0.40-0.50 N-m/g), however, maintained the
yellowish color and high filminess, extending food shelf-life, and
reduced the risk of foodborne illnesses!'31.

Moringa oleifera and its by-products are a versatile herbal used
human food and a medical alternative all worldwidel'32], Figure 7
shows the effect of preparing a packaging film using moringa
leaf/deep eutectic solvents/lactic acid (LA)/glycerol (GLY) and
observed the self-life study (6, 7, and 11 d) of bread along with the
fungus. The results showed the methylcellulose films enriched with
moringa by-products cannot affect the storage of bread over a long
time period!'33],

For developing packaging films (Fig. 8) using a combination of
cassava starch (CV), chitosan (CT), and carboxymethyl cellulose
(CMCQ), incorporating glycerol as a plasticizer. Among the various
formulations tested, CT/CV/V/CMC/Gin-AgNPs1 stood out, display-
ing superior mechanical characteristics. This film also demonstrated
significant antibacterial properties against both S. aureus and E. coli
bacteria. Furthermore, it demonstrated excellent biodegradability,
with over 50% weight loss after 21 d of soil burial. Additionally, the
film effectively preserved the grapes at 4 °C for 21 dl26,

Biodegradable antimicrobial bioplastics for food packaging solu-
tions to address environmental pollution and food safety issues
associated with petrochemical plastics and food spoilage. Figure 9
demonstrates that naturally active bioplastic derived from citrus
peel biomass can be used for preserving perishable fruits. These
innovative plastics are observed by their nanoscale structure, which
features linked and recombined hydrogen bonds among pectin,
polyphenols, and cellulose micro/nanofibrils. The resulting material

Ali et al. Food Materials Research 2025, 5: €004

has good flexibility, tensile strength, gas barrier properties, and
antimicrobial capabilities. After application in food packaging, these
bioplastics effectively extend the shelf life of perishable fruits such
as bananas and mangoes!'],

In another study, nanocomposite films derived from jackfruit seed
starch and tamarind kernel xyloglucan demonstrated good antimi-
crobial properties. After application in tomato storage studies, it
effectively slowed quality degradation and prolonged shelf-life.
These nanocomposite films showed eco-friendly packaging materi-
als for extending food product durability!'%, Further investigations
are required for other foodstuffs, such as cheese and baked goods,
focusing on packaged items' flavor and sensory characteristics.
Essential oils from oregano, cinnamon, thyme, and rosemary contain
natural compounds that efficiently inhibit Gram-positive and Gram-
negative bacteria and fungil'34,

Conclusions and future perspectives

The incorporation of organic compounds from fruit and
vegetable byproducts enhances the properties of biodegradable
films. These edible and biodegradable films and coatings have been
developed as alternatives to non-biodegradable packaging materi-
als. Biopolymer-based food packaging, including polysaccharides,
carbohydrates, lipids, etc, are environmentally friendly options to
plastics. By-products from industrial food processing have become
valuable sources for generating cost-effective, biodegradable pack-
aging materials. Advanced and green extraction technologies, such
as microwave-assisted extraction, pressurized liquid extraction, and
subcritical water extraction, provide additional benefits such as their
efficiency, cost-effectiveness, and eco-friendliness. Incorporating
food waste and by-products into packaging films enhances their
fundamental characteristics, facilitates in controlling microbial
growth, extends shelf life, and maintains the quality of packaged
products. These packaging films or coating materials have good
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Fig. 7 Growth of fungi in wheat bread: (a), (), (i) control (unpacked); (b), (f), (j) with 2% film; (c), (9), (k) covered with DES-10% film; (d), (h), (I) with MO-
10% film. (a)—(d) 6 d, (e)—(h) 7 d, (i)—(1) 11 d3°.,
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Fig.8 Preserved grapes with CT/CV, CT/CV/V, CT/CV/V/CMC, CT/C V/V/CMC/Gin-AgNPs 1, and CT/CV/V/CMC/Gin-AgNPs 2 films for 1, 7, 14, and 21 d!'2%,
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Fig.9 Citrus peel biomaterials increase the shelf life of fresh fruits(' '),
characteristics involving increased shelf life, food safety, biodegrad- Acknowledgments

ability, recyclability, and environmental friendliness.

Some challenges however need to be overcome: enhancing the
mechanical resistance, heat resistance, barrier characteristics, and
production scalability of these by-products remains crucial.
Researchers have investigated the combination of various protec-
tive substances such as nanoparticles, nanofibres, and essential oils
to design multilayered biodegradable coating/films that address
these limitations. Moreover, the combination of these by-products
with other polymers and the use of extrusion techniques have been
explored for industrial applications. Subsequently, the use of food
waste and by-products to produce edible films from natural sources
is considered safe and sustainable. Future advancements in this area
should focus on enhancing the interactions between food and pack-
aging while utilizing food discarded materials and by-products as
effective sources.

Author contributions

The authors confirm contribution to the paper as follows: writing -
original draft, graphs, and tables: Ali MQ; Editing and review of the
article, graphs, and tables: Ahmad N, Azhar MA, Munim MSA, Ruslan
NF. All authors reviewed the results and approved the final version
of the manuscript.

Data availability

Data sharing not applicable to this article as no datasets were
generated or analyzed during the current study.

Ali et al. Food Materials Research 2025, 5: €004

The Faculty of Chemical and Process Engineering Technology,
University of Malaysia Pahang, Al-sultan Abdullah, supported this
work (Grant No RDU222802 & UIC220818). The authors thank Dr
Noormazlinah Binti Ahmad for contributing to this work.

Conflict of interest

The authors declare that they have no conflict of interest.

Dates

Received 1 October 2024; Revised 2 January 2025; Accepted 17
February 2025; Published online 22 April 2025

References

1. Sharma M, Usmani Z, Gupta VK, Bhat R. 2021. Valorization of fruits and
vegetable wastes and by-products to produce natural pigments. Criti-
cal Reviews in Biotechnology 41:535—-63

2. Ng HS, Kee PE, Yim HS, Chen PT, Wei YH, et al. 2020. Recent advances
on the sustainable approaches for conversion and reutilization of food
wastes to valuable bioproducts. Bioresource Technology 302:122889

3. Karimi Sani |, Masoudpour-Behabadi M, Alizadeh Sani M, Motalebine-
jad H, Juma ASM, et al. 2023. Value-added utilization of fruit and
vegetable processing by-products for the manufacture of biodegrad-
able food packaging films. Food Chemistry 405:134964

4, Brennan L, Langley S, Verghese K, Lockrey S, Ryder M, et al. 2021. The
role of packaging in fighting food waste: a systematised review of
consumer perceptions of packaging. Journal of Cleaner Production
281:125276

Page 110f 15


https://doi.org/10.1080/07388551.2021.1873240
https://doi.org/10.1080/07388551.2021.1873240
https://doi.org/10.1016/j.biortech.2020.122889
https://doi.org/10.1016/j.foodchem.2022.134964
https://doi.org/10.1016/j.jclepro.2020.125276

Food Materials
Research

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Sindhu R, Gnansounou E, Rebello S, Binod P, Varjani S, et al. 2019.
Conversion of food and kitchen waste to value-added products. Jour-
nal of Environmental Management 241:619-30

Dilucia F, Lacivita V, Conte A, Del Nobile MA. 2020. Sustainable use of
fruit and vegetable by-products to enhance food packaging perfor-
mance. Foods 9:857

Ali MQ, Ahmad N, Azhar MA, Munaim MSA, Hussain A, et al. 2024. An
overview: exploring the potential of fruit and vegetable waste and by-
products in food biodegradable packaging. Discover Food 4:130

Rao P, Rathod V. 2019. Valorization of food and agricultural waste: a
step towards greener future. Chemical Record 19:1858-71

Zhu Y, Luan Y, Zhao Y, Liu J, Duan Z, et al. 2023. Current technologies
and uses for fruit and vegetable wastes in a sustainable system: a
review. Foods 12:1949

Vilas-Boas AA, Gomez-Garcia R, Marcal S, Vilas-Boas AM, Campos DA, et
al. 2023. Case study 1: fruit and vegetable waste valorization—world
scenario. In Fruit and Vegetable Waste Utilization and Sustainability, eds.
Mandavgane SA, Chakravarty |, Jaiswal AK. Amsterdam: Elsevier. pp.
229-51.doi: 10.1016/b978-0-323-91743-8.00003-4

Ayele A, Masi C, Abda EM, Korsa G. 2024. Wastes from fruits and
vegetables processing industry for value-added products. In Value
Added Products From Food Waste, eds. Cherian E, Gurunathan B. Cham:
Springer. pp. 127-46 https://doi.org/10.1007/978-3-031-48143-7_7
FAO. 2022. Technical platform on the measurement and reduction of
food loss and waste. www.fao.org/platform-food-loss-waste/en

Donner M, De Vries H. 2023. Novel sustainable and circular business
models valorizing fruit and vegetable waste and by-products. In Fruit
and Vegetable Waste Utilization and Sustainability, eds. Mandavgane
SA, Chakravarty |, Jaiswal AK. Amsterdam: Elsevier. pp. 165-80. doi:
10.1016/b978-0-323-91743-8.00014-9

Skwarek P, Karwowska M. 2023. Fruit and vegetable processing by-
products as functional meat product ingredients-a chance to improve
the nutritional value. LIWT 189:115442

Hussain A, Korma SA, Kabir K, Kauser S, Arif MR, et al. 2024. In vitro and
in vivo determination of biological activities of bitter gourd
(Momordica charantia L.) peel, flesh and seeds. Plant Foods for Human
Nutrition 79:316-21

Ko K, Dadmohammadi Y, Abbaspourrad A. 2021. Nutritional and bioac-
tive components of pomegranate waste used in food and cosmetic
applications: a review. Foods 10:657

Bayram B, Ozkan G, Kostka T, Capanoglu E, Esatbeyoglu T. 2021.
Valorization and application of fruit and vegetable wastes and by-
products for food packaging materials. Molecules 26:4031

Kausar T, Saeed E, Hussain A, Firdous N, Bibi B, et al. 2024. Develop-
ment and quality evaluation of cookies enriched with various levels of
grapefruit pomace powder. Discover Food 4:65

Alkaltham MS, Uslu N, Mehmet Musa O, Salamatullah AM, Mohamed
Ahmed IA, et al. 2021. Effect of drying process on oil, phenolic compo-
sition and antioxidant activity of avocado (cv. Hass) fruits harvested at
two different maturity stages. LWT 148:111716

Suleria HAR, Barrow CJ, Dunshea FR. 2020. Screening and characteriza-
tion of phenolic compounds and their antioxidant capacity in differ-
ent fruit peels. Foods 9:1206

Coman V, Teleky BE, Mitrea L, Martau GA, Szabo K, et al. 2020. Bioac-
tive potential of fruit and vegetable wastes. Advances in Food and
Nutrition Research 91:157-225

Trigo JP, Alexandre EMC, Saraiva JA, Pintado ME. 2020. High value-
added compounds from fruit and vegetable by-products-Characteri-
zation, bioactivities, and application in the development of novel food
products. Critical Reviews in Food Science and Nutrition 60:1388—-416
Najjar Z, Stathopoulos C, Chockchaisawasdee S. 2020. Utilization of
date by-products in the food industry. Emirates Journal of Food and
Agriculture 32(11):808-15

Teshome E, Teka TA, Nandasiri R, Rout JR, Harouna DV, et al. 2023. Fruit
by-products and their industrial applications for nutritional benefits
and health promotion: a comprehensive review. Sustainability 15:7840
Capaldi G, Binello A, Aimone C, Mantegna S, Grillo G, et al. 2024. New
trends in extraction-process intensification: hybrid and sequential
green technologies. Industrial Crops and Products 209:117906

Page 12 0f 15

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

.

42.

43.

44,

45.

Food waste and by-products for packaging materials

Gil-Martin E, Forbes-Hernandez T, Romero A, Cianciosi D, Giampieri F,
et al. 2022. Influence of the extraction method on the recovery of
bioactive phenolic compounds from food industry by-products. Food
Chemistry 378:131918

Tranfi¢ Baki ¢ M, Pedisi ¢S, Zori ¢Z, Dragovi ¢-Uzelac V, Nincevi¢
Grassino A. 2019. Effect of microwave-assisted extraction on polyphe-
nols recovery from tomato peel waste. Acta Chimica Slovenica
66(2):367-77

Zheng J, Li H, Wang D, Li R, Wang S, et al. 2021. Radio frequency
assisted extraction of pectin from apple pomace: Process optimization
and comparison with microwave and conventional methods. Food
Hydrocolloids 121:107031

Rivadeneira JP, Wu T, Ybanez Q, Dorado AA, Migo VP, et al. 2020.
Microwave-assisted extraction of pectin from "Saba" banana peel
waste: optimization, characterization, and rheology study. Interna-
tional Journal of Food Science 2020:8879425

Thu Dao TA, Webb HK, Malherbe F. 2021. Optimization of pectin
extraction from fruit peels by response surface method: Conventional
versus microwave-assisted heating. Food Hydrocolloids 113:106475
Karbuz P, Tugrul N. 2021. Microwave and ultrasound assisted extrac-
tion of pectin from various fruits peel. Journal of Food Science and Tech-
nology 58:641-50

Zin MM, Anucha CB, Béanvolgyia S. 2020. Recovery of phytochemicals
via electromagnetic irradiation (microwave-assisted-extraction): beta-
lain and phenolic compounds in perspective. Foods 9:918

Kumar M, Dahuja A, Sachdev A, Kaur C, Varghese E, et al. 2019. Valori-
sation of black carrot pomace: microwave assisted extraction of bioac-
tive phytoceuticals and antioxidant activity using box-behnken
design. Journal of Food Science and Technology 56:995—1007

Sucheta, Misra NN, Yadav SK. 2020. Extraction of pectin from black
carrot pomace using intermittent microwave, ultrasound and conven-
tional heating: Kinetics, characterization and process economics. Food
Hydrocolloids 102:105592

Narkprasom K, Tanongkankit Y, Saenscharoenrat P, Narkprasom N.
2019. Optimization of total phenolic from Euphoria longana Lam. seed
by microwave assisted extraction. Burapha Science Journal 1(24):48—63
Mao Y, Robinson J, Binner E. 2021. Understanding heat and mass trans-
fer processes during microwave-assisted and conventional solvent
extraction. Chemical Engineering Science 233:116418

Martinez-Abad A, Ramos M, Hamzaoui M, Kohnen S, Jiménez A, et al.
2020. Optimisation of sequential microwave-assisted extraction of
essential oil and pigment from lemon peels waste. Foods 9:1493
Ramirez-Brewer D, Quintana-Martinez SE, Garcia-Zapateiro LA. 2025.
Obtaining and characterization of natural extracts from mango
(Mangifera Indica) peel and its effect on the rheological behavior in
new mango kernel starch hydrogels. Food Chemistry 462:140949

Mao Y, Robinson JP, Binner ER. 2023. Current status of microwave-
assisted extraction of pectin. Chemical Engineering Journal 473:145261
Phaiphan A, Churat S, Dougta T, Wichalin P, Khanchai W, et al. 2020.
Effects of microwave and ultrasound on the extraction of pectin and
its chemical characterisation of banana (Musa sapientum L.) peels.
Food Research 4:2030-36

Shen L, Pang S, Zhong M, Sun Y, Qayum A, et al. 2023. A comprehen-
sive review of ultrasonic assisted extraction (UAE) for bioactive compo-
nents: Principles, advantages, equipment, and combined technolo-
gies. Ultrasonics Sonochemistry 101:106646

Singhal S, Swami Hulle NR. 2022. Citrus pectins: Structural properties,
extraction methods, modifications and applications in food systems-A
review. Applied Food Research 2:100215

Djaoud K, Mufoz-Almagro N, Benitez V, Martin-Cabrejas MA, Madani K,
et al. 2022. New valorization approach of Algerian dates (Phoenix
dactylifera L) by ultrasound pectin extraction: Physicochemical,
techno-functional, antioxidant and antidiabetic properties. Interna-
tional Journal of Biological Macromolecules 212:337—-47

Villamil-Galindo E, Piagentini AM. 2022. Sequential ultrasound-assisted
extraction of pectin and phenolic compounds for the valorisation of
'Granny Smith' apple peel. Food Bioscience 49:101958

Shivamathi CS, Moorthy IG, Kumar RV, Soosai MR, Maran JP, et al. 2019.
Optimization of ultrasound assisted extraction of pectin from custard

Ali et al. Food Materials Research 2025, 5: e004


https://doi.org/10.1016/j.jenvman.2019.02.053
https://doi.org/10.1016/j.jenvman.2019.02.053
https://doi.org/10.3390/foods9070857
https://doi.org/10.1007/s44187-024-00117-4
https://doi.org/10.1002/tcr.201800094
https://doi.org/10.3390/foods12101949
https://doi.org/10.1016/b978-0-323-91743-8.00003-4
https://doi.org/10.1016/b978-0-323-91743-8.00003-4
https://doi.org/10.1016/b978-0-323-91743-8.00003-4
https://doi.org/10.1016/b978-0-323-91743-8.00003-4
https://doi.org/10.1016/b978-0-323-91743-8.00003-4
https://doi.org/10.1016/b978-0-323-91743-8.00003-4
https://doi.org/10.1016/b978-0-323-91743-8.00003-4
https://doi.org/10.1016/b978-0-323-91743-8.00003-4
https://doi.org/10.1016/b978-0-323-91743-8.00003-4
https://doi.org/10.1016/b978-0-323-91743-8.00003-4
https://doi.org/10.1016/b978-0-323-91743-8.00003-4
https://doi.org/https://doi.org/10.1007/978-3-031-48143-7_7
https://doi.org/https://doi.org/10.1007/978-3-031-48143-7_7
https://doi.org/https://doi.org/10.1007/978-3-031-48143-7_7
https://doi.org/https://doi.org/10.1007/978-3-031-48143-7_7
https://doi.org/https://doi.org/10.1007/978-3-031-48143-7_7
https://doi.org/https://doi.org/10.1007/978-3-031-48143-7_7
https://doi.org/https://doi.org/10.1007/978-3-031-48143-7_7
https://doi.org/https://doi.org/10.1007/978-3-031-48143-7_7
https://doi.org/https://doi.org/10.1007/978-3-031-48143-7_7
https://www.fao.org/platform-food-loss-waste/en
https://www.fao.org/platform-food-loss-waste/en
https://www.fao.org/platform-food-loss-waste/en
https://www.fao.org/platform-food-loss-waste/en
https://www.fao.org/platform-food-loss-waste/en
https://www.fao.org/platform-food-loss-waste/en
https://www.fao.org/platform-food-loss-waste/en
https://doi.org/10.1016/b978-0-323-91743-8.00014-9
https://doi.org/10.1016/b978-0-323-91743-8.00014-9
https://doi.org/10.1016/b978-0-323-91743-8.00014-9
https://doi.org/10.1016/b978-0-323-91743-8.00014-9
https://doi.org/10.1016/b978-0-323-91743-8.00014-9
https://doi.org/10.1016/b978-0-323-91743-8.00014-9
https://doi.org/10.1016/b978-0-323-91743-8.00014-9
https://doi.org/10.1016/b978-0-323-91743-8.00014-9
https://doi.org/10.1016/b978-0-323-91743-8.00014-9
https://doi.org/10.1016/b978-0-323-91743-8.00014-9
https://doi.org/10.1016/b978-0-323-91743-8.00014-9
https://doi.org/10.1016/j.lwt.2023.115442
https://doi.org/10.1007/s11130-024-01153-2
https://doi.org/10.1007/s11130-024-01153-2
https://doi.org/10.3390/foods10030657
https://doi.org/10.3390/molecules26134031
https://doi.org/10.1007/s44187-024-00148-x
https://doi.org/10.1016/j.lwt.2021.111716
https://doi.org/10.3390/foods9091206
https://doi.org/10.1016/bs.afnr.2019.07.001
https://doi.org/10.1016/bs.afnr.2019.07.001
https://doi.org/10.1080/10408398.2019.1572588
https://doi.org/10.9755/ejfa.2020.v32.i11.2192
https://doi.org/10.9755/ejfa.2020.v32.i11.2192
https://doi.org/10.3390/su15107840
https://doi.org/10.1016/j.indcrop.2023.117906
https://doi.org/10.1016/j.foodchem.2021.131918
https://doi.org/10.1016/j.foodchem.2021.131918
https://doi.org/10.1016/j.foodhyd.2021.107031
https://doi.org/10.1016/j.foodhyd.2021.107031
https://doi.org/10.1155/2020/8879425
https://doi.org/10.1155/2020/8879425
https://doi.org/10.1016/j.foodhyd.2020.106475
https://doi.org/10.1007/s13197-020-04578-0
https://doi.org/10.1007/s13197-020-04578-0
https://doi.org/10.1007/s13197-020-04578-0
https://doi.org/10.3390/foods9070918
https://doi.org/10.1007/s13197-018-03566-9
https://doi.org/10.1016/j.foodhyd.2019.105592
https://doi.org/10.1016/j.foodhyd.2019.105592
https://doi.org/10.1016/j.ces.2020.116418
https://doi.org/10.3390/foods9101493
https://doi.org/10.1016/j.foodchem.2024.140949
https://doi.org/10.1016/j.cej.2023.145261
https://doi.org/10.26656/fr.2017.4(6).248
https://doi.org/10.1016/j.ultsonch.2023.106646
https://doi.org/10.1016/j.afres.2022.100215
https://doi.org/10.1016/j.ijbiomac.2022.05.115
https://doi.org/10.1016/j.ijbiomac.2022.05.115
https://doi.org/10.1016/j.fbio.2022.101958

Food waste and by-products for packaging materials

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

apple peel: Potential and new source. Carbohydrate Polymers
225:115240

Asgari K, Labbafi M, Khodaiyan F, Kazemi M, Hosseini SS. 2020. High-
methylated pectin from walnut processing wastes as a potential
resource: Ultrasound assisted extraction and physicochemical, struc-
tural and functional analysis. International Journal of Biological Macro-
molecules 152:1274—-82

Xu SY, Liu JP, Huang X, Du LP, Shi FL, et al. 2018. Ultrasonic-microwave
assisted extraction, characterization and biological activity of pectin
from jackfruit peel. LWT 90:577—-82

Jong SH, Abdullah N, Muhammad N. 2023. Effect of acid type and
concentration on the yield, purity, and esterification degree of pectin
extracted from durian rinds. Results in Engineering 17:100974

Du Y, Zhang S, Waterhouse GIN, Zhou T, Xu F, et al. 2024. High-inten-
sity pulsed electric field-assisted acidic extraction of pectin from Citrus
peel: Physicochemical characteristics and emulsifying properties. Food
Hydrocolloids 146:109291

Panwar D, Panesar PS, Chopra HK. 2023. Ultrasound-assisted extrac-
tion of pectin from Citrus limetta peels: Optimization, characterization,
and its comparison with commercial pectin. Food Bioscience 51:102231
Duan X, Zhu Y, Shu C, Gao J, Liu F, et al. 2022. Extraction of pectin from
Satsuma mandarin peel: a comparison of high hydrostatic pressure
and conventional extractions in different acids. Molecules 27:3747

Das |, Arora A. 2023. One stage hydrothermal treatment: a green strat-
egy for simultaneous extraction of food hydrocolloid and co-products
from sweet lime (Citrus Limetta) peels. Food Hydrocolloids 134:107947
Peng J,BuZ,Ren H,He Q, Yu Y, et al. 2022. Physicochemical, structural,
and functional properties of wampee (Clausena lansium (Lour.) Skeels)
fruit peel pectin extracted with different organic acids. Food Chemistry
386:132834

Hussain A, Arif MR, Ahmed A, Fiaz |, Zulfigar N, et al. 2024. Evaluation of
leaves, flowers, and seeds of coriander (Coriandrum sativum L.)
through microwave drying and ultrasonic-assisted extraction, for
biologically active components. Journal of Food Processing and Preser-
vation 2024:2378604

Vathsala V, Singh SP, Bishnoi M, Varghese E, Saurabh V, et al. 2024.
Ultrasound-assisted extraction (UAE) and characterization of Citrus
peel pectin: comparison between pummelo (Citrus grandis L. Osbeck)
and sweet lime (Citrus limetta Risso). Sustainable Chemistry and Phar-
macy 37:101357

Wang S, Lin AH, Han Q, Xu Q. 2020. Evaluation of direct ultrasound-
assisted extraction of phenolic compounds from potato peels.
Processes 8:1665

Goswami MJ, Dutta U, Kakati D. 2024. Ultrasound-assisted extraction
for food, pharmacy, and biotech industries. Bioactive Extraction and
Application in Food and Nutraceutical Industries, eds. Sarkar T, Pati S.
New York: Springer US. pp. 103—28. doi: 10.1007/978-1-0716-3601-5_5
Garcia P, Fredes C, Cea |, Lozano-Sénchez J, Leyva-Jiménez FJ, et al.
2021. Recovery of bioactive compounds from pomegranate (Punica
granatum L.) peel using pressurized liquid extraction. Foods 10:203
Vigan6 J, de Aguiar AC, Veggi PC, Sanches VL, Rostagno MA, et al.
2022. Techno-economic evaluation for recovering phenolic
compounds from acai (Euterpe oleracea) by-product by pressurized
liquid extraction. The Journal of Supercritical Fluids 179:105413
Cejudo-Bastante C, Arjona-Mudarra P, Ferndndez-Ponce MT, Casas L,
Mantell C, et al. 2021. Application of a natural antioxidant from grape
pomace extract in the development of bioactive jute fibers for food
packaging. Antioxidants 10:216

Katsinas N, Bento da Silva A, Enriquez-de-Salamanca A, Ferndndez N,
Bronze MR, et al. 2021. Pressurized liquid extraction optimization from
supercritical defatted olive pomace: a green and selective phenolic
extraction process. ACS Sustainable Chemistry & Engineering
9:5590-602

Allcca-Alca EE, Ledn-Calvo NC, Luque-Vilca OM, Martinez-Cifuentes M,
Pérez-Correa JR, et al. 2021. Hot pressurized liquid extraction of
polyphenols from the skin and seeds of Vitis vinifera L. cv. negra criolla
pomace a Peruvian native pisco industry waste. Agronomy 11:866
Battistella Lasta HF, Lentz L, Gongalves Rodrigues LG, Mezzomo N,
Vitali L, et al. 2019. Pressurized liquid extraction applied for the

Ali et al. Food Materials Research 2025, 5: €004

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Food Materials
Research

recovery of phenolic compounds from beetroot waste. Biocatalysis and
Agricultural Biotechnology 21:101353

Diaz-Reinoso B, Rivas S, Rivas J, Dominguez H. 2023. Subcritical water
extraction of essential oils and plant oils. Sustainable Chemistry and
Pharmacy 36:101332

Anoraga SB, Shamsudin R, Hamzah MH, Sharif S, Saputro AD, et al.
2024. Optimization of subcritical water extraction for pectin extraction
from cocoa pod husks using the response surface methodology. Food
Chemistry 459:140355

Wolf M, Berger F, Hanstein S, Weidenkaff A, Endre8 HU, et al. 2022.
Hot-water hemicellulose extraction from fruit processing residues. ACS
Omega 7:13436-47

Pedras BM, Regalin G, Sa-Nogueira I, Simbes P, Paiva A, et al. 2020.
Fractionation of red wine grape pomace by subcritical water extrac-
tion/hydrolysis. The Journal of Supercritical Fluids 160:104793

Kim DS, Lim SB. 2020. Semi-continuous subcritical water extraction of
flavonoids from Citrus unshiu peel: their antioxidant and enzyme
inhibitory activities. Antioxidants 9:360

Li B, Akram M, Al-Zuhair S, Elnajjar E, Munir MT. 2020. Subcritical water
extraction of phenolics, antioxidants and dietary fibres from waste
date pits. Journal of Environmental Chemical Engineering 8:104490
Guthrie F, Wang Y, Neeve N, Quek SY, Mohammadi K, et al. 2020.
Recovery of phenolic antioxidants from green kiwifruit peel using
subcritical water extraction. Food and Bioproducts Processing
122:136-44

Limsangouan N, Milasing N, Thongngam M, Khuwijitjaru P, Jittanit W.
2019. Physical and chemical properties, antioxidant capacity, and total
phenolic content of xyloglucan component in tamarind (Tamarindus
indica) seed extracted using subcritical water. Journal of Food Process-
ing and Preservation 43:e14146

Benvenutti L, Zielinski AAF, Ferreira SRS. 2022. Subcritical water extrac-
tion (SWE) modified by deep eutectic solvent (DES) for pectin recovery
from a Brazilian berry by-product. The Journal of Supercritical Fluids
189:105729

Bhaskar R, Zo SM, Narayanan KB, Purohit SD, Gupta MK, et al. 2023.
Recent development of protein-based biopolymers in food packaging
applications: a review. Polymer Testing 124:108097

Mohamed SAA, El-Sakhawy M, El-Sakhawy MA. 2020. Polysaccharides,
protein and lipid-based natural edible films in food packaging: a
review. Carbohydrate Polymers 238:116178

Rasul NH, Asdagh A, Pirsa S, Ghazanfarirad N, Sani IK. 2022. Develop-
ment of antimicrobial/antioxidant nanocomposite film based on fish
skin gelatin and chickpea protein isolated containing Microencapsu-
lated Nigella sativa essential oil and copper sulfide nanoparticles for
extending minced meat shelf life. Materials Research Express 9:025306
Zhong Y, Godwin P, Jin Y, Xiao H. 2020. Biodegradable polymers and
green-based antimicrobial packaging materials: a mini-review.
Advanced Industrial and Engineering Polymer Research 3:27-35

Pirsa S, Sharifi K. 2020. A review of the applications of bioproteins in
the preparation of biodegradable films and polymers. Journal of Chem-
istry Letters 1(2):47—-58

Khezerlou A, Tavassoli M, Alizadeh Sani M, Mohammadi K, Ehsani A, et
al. 2021. Application of nanotechnology to improve the performance
of biodegradable biopolymer-based packaging materials. Polymers
13:4399

Majerska J, Michalska A, Figiel A. 2019. A review of new directions in
managing fruit and vegetable processing by-products. Trends in Food
Science & Technology 88:207-19

Avramescu SM, Butean C, Popa CV, Ortan A, Moraru |, et al. 2020. Edible
and functionalized films/coatings—performances and perspectives.
Coatings 10:687

Dey A, Dhumal CV, Sengupta P, Kumar A, Pramanik NK, et al. 2021.
Challenges and possible solutions to mitigate the problems of single-
use plastics used for packaging food items: a review. Journal of Food
Science and Technology 58:3251-69

Moshood TD, Nawanir G, Mahmud F, Mohamad F, Ahmad MH, et al.
2022. Biodegradable plastic applications towards sustainability: a
recent innovations in the green product. Cleaner Engineering and Tech-
nology 6:100404

Page 130f 15


https://doi.org/10.1016/j.carbpol.2019.115240
https://doi.org/10.1016/j.ijbiomac.2019.10.224
https://doi.org/10.1016/j.ijbiomac.2019.10.224
https://doi.org/10.1016/j.ijbiomac.2019.10.224
https://doi.org/10.1016/j.lwt.2018.01.007
https://doi.org/10.1016/j.rineng.2023.100974
https://doi.org/10.1016/j.foodhyd.2023.109291
https://doi.org/10.1016/j.foodhyd.2023.109291
https://doi.org/10.1016/j.fbio.2022.102231
https://doi.org/10.3390/molecules27123747
https://doi.org/10.1016/j.foodhyd.2022.107947
https://doi.org/10.1016/j.foodchem.2022.132834
https://doi.org/10.1155/2024/2378604
https://doi.org/10.1155/2024/2378604
https://doi.org/10.1155/2024/2378604
https://doi.org/10.1016/j.scp.2023.101357
https://doi.org/10.1016/j.scp.2023.101357
https://doi.org/10.1016/j.scp.2023.101357
https://doi.org/10.3390/pr8121665
https://doi.org/10.1007/978-1-0716-3601-5_5
https://doi.org/10.1007/978-1-0716-3601-5_5
https://doi.org/10.1007/978-1-0716-3601-5_5
https://doi.org/10.1007/978-1-0716-3601-5_5
https://doi.org/10.1007/978-1-0716-3601-5_5
https://doi.org/10.1007/978-1-0716-3601-5_5
https://doi.org/10.1007/978-1-0716-3601-5_5
https://doi.org/10.1007/978-1-0716-3601-5_5
https://doi.org/10.1007/978-1-0716-3601-5_5
https://doi.org/10.3390/foods10020203
https://doi.org/10.1016/j.supflu.2021.105413
https://doi.org/10.3390/antiox10020216
https://doi.org/10.1021/acssuschemeng.0c09426
https://doi.org/10.3390/agronomy11050866
https://doi.org/10.1016/j.bcab.2019.101353
https://doi.org/10.1016/j.bcab.2019.101353
https://doi.org/10.1016/j.scp.2023.101332
https://doi.org/10.1016/j.scp.2023.101332
https://doi.org/10.1016/j.foodchem.2024.140355
https://doi.org/10.1016/j.foodchem.2024.140355
https://doi.org/10.1021/acsomega.1c06055
https://doi.org/10.1021/acsomega.1c06055
https://doi.org/10.1016/j.supflu.2020.104793
https://doi.org/10.3390/antiox9050360
https://doi.org/10.1016/j.jece.2020.104490
https://doi.org/10.1016/j.fbp.2020.05.002
https://doi.org/10.1111/jfpp.14146
https://doi.org/10.1111/jfpp.14146
https://doi.org/10.1111/jfpp.14146
https://doi.org/10.1016/j.supflu.2022.105729
https://doi.org/10.1016/j.polymertesting.2023.108097
https://doi.org/10.1016/j.carbpol.2020.116178
https://doi.org/10.1088/2053-1591/ac50d6
https://doi.org/10.1016/j.aiepr.2019.11.002
https://doi.org/10.22034/jchemlett.2020.111200
https://doi.org/10.22034/jchemlett.2020.111200
https://doi.org/10.22034/jchemlett.2020.111200
https://doi.org/10.3390/polym13244399
https://doi.org/10.1016/j.tifs.2019.03.021
https://doi.org/10.1016/j.tifs.2019.03.021
https://doi.org/10.3390/coatings10070687
https://doi.org/10.1007/s13197-020-04885-6
https://doi.org/10.1007/s13197-020-04885-6
https://doi.org/10.1016/j.clet.2022.100404
https://doi.org/10.1016/j.clet.2022.100404
https://doi.org/10.1016/j.clet.2022.100404

Food Materials
Research

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Yaradoddi JS, Banapurmath NR, Ganachari SV, Soudagar MEM, Sajjan
AM, et al. 2022. Bio-based material from fruit waste of orange peel for
industrial applications. Journal of Materials Research and Technology
17:3186-97

Aleksanyan KV. 2023. Polysaccharides for biodegradable packaging
materials: past. present, and future (brief review). Polymers 15:451
Castillo LA, Lépez OV, Garcia MA, Barbosa SE, Villar MA. 2019. Crys-
talline morphology of thermoplastic starch/talc nanocomposites
induced by thermal processing. Heliyon 5:e01877

Shafgat A, Al-Zagri N, Tahir A, Alsalme A. 2021. Synthesis and charac-
terization of starch based bioplatics using varying plant-based ingredi-
ents. plasticizers and natural fillers. Saudi Journal of Biological Sciences
28:1739-49

Dutta D, Sit N. 2023. Application of natural extracts as active ingredi-
ent in biopolymer based packaging systems. Journal of Food Science
and Technology 60:1888-902

Agrawal M, Konwar AN, Alexander A, Borse V. 2021. Nose-to-brain
delivery of biologics and stem cells. Direct Nose-to-Brain Drug Delivery.
Amsterdam: Elsevier: 305-28 https://doi.org/10.1016/b978-0-12-
822522-6.00015-1

Chandel V, Biswas D, Roy S, Vaidya D, Verma A, et al. 2022. Current
advancements in pectin: extraction. properties and multifunctional
applications. Foods 11:2683

Yun D, Liu J. 2022. Recent advances on the development of food pack-
aging films based on Citrus processing wastes: a review. Journal of
Agriculture and Food Research 9:100316

Chhatariya HF, Srinivasan S, Choudhary PM, Begum SS. 2022. Corn
starch biofilm reinforced with orange peel powder: Characterization of
physicochemical and mechanical properties. Materials Today: Proceed-
ings 59:884-92

Sood A, Saini CS. 2022. Red pomelo peel pectin based edible compos-
ite films: Effect of pectin incorporation on mechanical, structural,
morphological and thermal properties of composite films. Food Hydro-
colloids 123:107135

Flérez M, Cazdn P, Vazquez M. 2023. Selected biopolymers' processing
and their applications: a review. Polymers 15:641

Kocira A, Koztowicz K, Panasiewicz K, Staniak M, Szpunar-Krok E, et al.
2021. Polysaccharides as edible films and coatings: characteristics and
influence on fruit and vegetable quality—a review. Agronomy 11:813
Munir S, Hu Y, Liu Y, Xiong S. 2019. Enhanced properties of silver carp
surimi-based edible films incorporated with pomegranate peel and
grape seed extracts under acidic condition. Food Packaging and Shelf
Life 19:114-20

Sani IK, Alizadeh M. 2022. Isolated mung bean protein-pectin
nanocomposite film containing true cardamom extract microencapsu-
lation/Ce0, nanoparticles/graphite carbon quantum dots: Investigat-
ing fluorescence, photocatalytic and antimicrobial properties. Food
Packaging and Shelf Life 33:100912

Ibrahim MLJ, Sapuan SM, Zainudin ES, Zuhri MYM. 2019. Physical, ther-
mal, morphological, and tensile properties of cornstarch-based films as
affected by different plasticizers. International Journal of Food Proper-
ties 22:925-41

Kurek M, Hlupi¢ L, Elez Garofuli ¢ 1, Descours E, Mario S, et al. 2019.
Comparison of protective supports and antioxidative capacity of two
bio-based films with revalorised fruit pomaces extracted from blue-
berry and red grape skin. Food Packaging and Shelf Life 20:100315

Sani IK, Geshlaghi SP, Pirsa S, Asdagh A. 2021. Composite film based on
potato starch/apple peel pectin/ZrO, nanoparticles/microencapsu-
lated Zataria multiflora essential oil; investigation of physicochemical
properties and use in quail meat packaging. Food Hydrocolloids
117:106719

Santhosh R, Sarkar P. 2022. Jackfruit seed starch/tamarind kernel
xyloglucan/zinc oxide nanoparticles-based composite films: Prepara-
tion, characterization, and application on tomato (Solanum lycoper-
sicum) fruits. Food Hydrocolloids 133:107917

Khwaldia K, M'Rabet Y, Boulila A. 2023. Active food packaging films
from alginate and date palm pit extract: Physicochemical properties.
antioxidant capacity, and stability. Food Science & Nutrition 11:555—-68
Alizadeh Sani M, Tavassoli M, Salim SA, Azizi-lalabadi M, McClements
DJ. 2022. Development of green halochromic smart and active packag-

Page 14 0f 15

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Food waste and by-products for packaging materials

ing materials: TiO, nanoparticle- and anthocyanin-loaded gelatin/x-
carrageenan films. Food Hydrocolloids 124:107324

Lourenco SC, Fraqueza MJ, Fernandes MH, Moldao-Martins M, Alves
VD. 2020. Application of edible alginate films with pineapple peel
active compounds on beef meat preservation. Antioxidants 9:667
Alizadeh Sani M, Maleki M, Eghbaljoo-Gharehgheshlaghi H, Khezerlou
A, Mohammadian E, et al. 2022. Titanium dioxide nanoparticles as
multifunctional surface-active materials for smart/active nanocompos-
ite packaging films. Advances in Colloid and Interface Science
300:102593

Senthil Muthu Kumar T, Senthil Kumar K, Rajini N, Siengchin S, Ayrilmis
N, et al. 2019. A comprehensive review of electrospun nanofibers:
Food and packaging perspective. Composites Part B: Engineering
175:107074

Wang W, Kannan K. 2019. Quantitative identification of and exposure
to synthetic phenolic antioxidants, including butylated hydroxy-
toluene, in urine. Environment International 128:24—29

Lourenco SC, Moldao-Martins M, Alves VD. 2019. Antioxidants of natu-
ral plant origins: from sources to food industry applications. Molecules
24:4132

Galus S, Arik Kibar EA, Gniewosz M, Krasniewska K. 2020. Novel materi-
als in the preparation of edible films and coatings—a review. Coatings
10:674

Nunes C, Silva M, Farinha D, Sales H, Pontes R, et al. 2023. Edible coat-
ings and future trends in active food packaging-fruits' and traditional
sausages' shelf life increasing. Foods 12:3308

Anjum MA, Akram H, Zaidi M, Ali S. 2020. Effect of gum Arabic and Aloe
vera gel based edible coatings in combination with plant extracts on
postharvest quality and storability of 'Gola' guava fruits. Scientia Horti-
culturae 271:109506

Perotto G, Simonutti R, Ceseracciu L, Mauri M, Besghini D, et al. 2020.
Water-induced plasticization in vegetable-based bioplastic films: a
structural and thermo-mechanical study. Polymer 200:122598
Algahtani N, Alnemr T, Ali S. 2021. Development of low-cost biode-
gradable films from corn starch and date palm pits (Phoenix
dactylifera). Food Bioscience 42:101199

Rodriguez GM, Sibaja JC, Espitia PJP, Otoni CG. 2020. Antioxidant
active packaging based on Papaya edible films incorporated with
Moringa oleifera and ascorbic acid for food preservation. Food Hydro-
colloids 103:105630

Shivangi S, Dorairaj D, Negi PS, Shetty NP. 2021. Development and
characterisation of a pectin-based edible film that contains mulberry
leaf extract and its bio-active components. Food Hydrocolloids
121:107046

Zhang S, Cheng X, Yang W, Fu Q, Su F, et al. 2024. Converting fruit
peels into biodegradable, recyclable and antimicrobial eco-friendly
bioplastics for perishable fruit preservation. Bioresource Technology
406:131074

Lalnunthari C, Devi LM, Badwaik LS. 2020. Extraction of protein and
pectin from pumpkin industry by-products and their utilization for
developing edible film. Journal of Food Science and Technology
57:1807-16

Akshana RS, Sobini N, Kirushanthi T, Srivijeindran S. 2024. Synthesis of
cellulose nano fiber from palmyrah fruit fiber and its applicability as a
reinforcement agent on starch based biodegradable film. Ceylon Jour-
nal of Science 53:313-20

To SW, Al-Ashwal RHA, Ab Latif N, Sani MH. 2025. Synthesis and char-
acterisation of biodegradable carboxymethyl cellulose microcarriers
from oil palm empty fruit bunch for therapeutic applications. Cellulose
32:483-503

Jridi M, Abdelhedi O, Salem A, Kechaou H, Nasri M, et al. 2020. Physico-
chemical, antioxidant and antibacterial properties of fish gelatin-based
edible films enriched with orange peel pectin: Wrapping application.
Food Hydrocolloids 103:105688

Xu X, Liu H, Duan S, Liu X, Zhang K, et al. 2019. A novel pumpkin seeds
protein-pea starch edible film: mechanical, moisture distribution,
surface hydrophobicity, UV-barrier properties and potential applica-
tion. Materials Research Express 6:125355

Ali et al. Food Materials Research 2025, 5: e004


https://doi.org/10.1016/j.jmrt.2021.09.016
https://doi.org/10.3390/polym15020451
https://doi.org/10.1016/j.heliyon.2019.e01877
https://doi.org/10.1016/j.sjbs.2020.12.015
https://doi.org/10.1007/s13197-022-05474-5
https://doi.org/10.1007/s13197-022-05474-5
https://doi.org/https://doi.org/10.1016/b978-0-12-822522-6.00015-1
https://doi.org/https://doi.org/10.1016/b978-0-12-822522-6.00015-1
https://doi.org/https://doi.org/10.1016/b978-0-12-822522-6.00015-1
https://doi.org/https://doi.org/10.1016/b978-0-12-822522-6.00015-1
https://doi.org/https://doi.org/10.1016/b978-0-12-822522-6.00015-1
https://doi.org/https://doi.org/10.1016/b978-0-12-822522-6.00015-1
https://doi.org/https://doi.org/10.1016/b978-0-12-822522-6.00015-1
https://doi.org/https://doi.org/10.1016/b978-0-12-822522-6.00015-1
https://doi.org/https://doi.org/10.1016/b978-0-12-822522-6.00015-1
https://doi.org/https://doi.org/10.1016/b978-0-12-822522-6.00015-1
https://doi.org/https://doi.org/10.1016/b978-0-12-822522-6.00015-1
https://doi.org/10.3390/foods11172683
https://doi.org/10.3390/foods11172683
https://doi.org/10.1016/j.jafr.2022.100316
https://doi.org/10.1016/j.jafr.2022.100316
https://doi.org/10.1016/j.matpr.2022.01.339
https://doi.org/10.1016/j.matpr.2022.01.339
https://doi.org/10.1016/j.matpr.2022.01.339
https://doi.org/10.1016/j.foodhyd.2021.107135
https://doi.org/10.1016/j.foodhyd.2021.107135
https://doi.org/10.1016/j.foodhyd.2021.107135
https://doi.org/10.3390/polym15030641
https://doi.org/10.3390/agronomy11050813
https://doi.org/10.1016/j.fpsl.2018.12.001
https://doi.org/10.1016/j.fpsl.2018.12.001
https://doi.org/10.1016/j.fpsl.2022.100912
https://doi.org/10.1016/j.fpsl.2022.100912
https://doi.org/10.1080/10942912.2019.1618324
https://doi.org/10.1080/10942912.2019.1618324
https://doi.org/10.1080/10942912.2019.1618324
https://doi.org/10.1016/j.fpsl.2019.100315
https://doi.org/10.1016/j.foodhyd.2021.106719
https://doi.org/10.1016/j.foodhyd.2022.107917
https://doi.org/10.1002/fsn3.3093
https://doi.org/10.1016/j.foodhyd.2021.107324
https://doi.org/10.3390/antiox9080667
https://doi.org/10.1016/j.cis.2021.102593
https://doi.org/10.1016/j.compositesb.2019.107074
https://doi.org/10.1016/j.envint.2019.04.028
https://doi.org/10.3390/molecules24224132
https://doi.org/10.3390/coatings10070674
https://doi.org/10.3390/foods12173308
https://doi.org/10.1016/j.scienta.2020.109506
https://doi.org/10.1016/j.scienta.2020.109506
https://doi.org/10.1016/j.scienta.2020.109506
https://doi.org/10.1016/j.polymer.2020.122598
https://doi.org/10.1016/j.fbio.2021.101199
https://doi.org/10.1016/j.foodhyd.2019.105630
https://doi.org/10.1016/j.foodhyd.2019.105630
https://doi.org/10.1016/j.foodhyd.2019.105630
https://doi.org/10.1016/j.foodhyd.2021.107046
https://doi.org/10.1016/j.biortech.2024.131074
https://doi.org/10.1007/s13197-019-04214-6
https://doi.org/10.4038/cjs.v53i3.8257
https://doi.org/10.4038/cjs.v53i3.8257
https://doi.org/10.4038/cjs.v53i3.8257
https://doi.org/10.1007/s10570-024-06269-x
https://doi.org/10.1016/j.foodhyd.2020.105688
https://doi.org/10.1088/2053-1591/ab63f7

Food waste and by-products for packaging materials

121.

122.

123.

124.

125.

126.

127.

Yan LK, Sivanasvaran SN, Pui LP, Yusof YN, Senphan T. 2020. Physico-
chemical properties of sodium alginate edible film incorporated with
mulberry (Morus australis) leaf extract. Pertanika Journal of Tropical
Agricultural Science 43(3):359-76

da Noébrega Santos E, Cesar de Albuquerque Sousa T, Cassiano de
Santana Neto D, Brandéo Grisi CV, Cardoso da Silva Ferreira V, et al.
2022. Edible active film based on gelatin and Malpighia emarginata
waste extract to inhibit lipid and protein oxidation in beef patties. LWT
154:112837

Han HS, Song KB. 2021. Antioxidant properties of watermelon (Citrul-
lus lanatus) rind pectin films containing kiwifruit (Actinidia chinensis)
peel extract and their application as chicken thigh packaging. Food
Packaging and Shelf Life 28:100636

Priyadarshi R, Riahi Z, Rhim JW. 2022. Antioxidant pectin/pullulan
edible coating incorporated with Vitis vinifera grape seed extract for
extending the shelf life of peanuts. Postharvest Biology and Technology
183:111740

Guo Z, Ge X, Gou Q, Yang L, Han M, et al. 2021. Changes in chilled beef
packaged in starch film containing sea buckthorn pomace extract and
quality changes in the film during super-chilled storage. Meat Science
182:108620

Plaeyao K, Talodthaisong C, Yingyuen W, Kaewbundit R, Tun WST, et al.
2025. Biodegradable antibacterial food packaging based on carboxy-
methyl cellulose from sugarcane bagasse/cassava starch/chitosan/
gingerol extract stabilized silver nanoparticles (Gin-AgNPs) and vanillin
as cross-linking agent. Food Chemistry 466:142102

Chawla R, Sivakumar S, Kaur H. 2021. Antimicrobial edible films in food
packaging: Current scenario and recent nanotechnological advance-
ments- a review. Carbohydrate Polymer Technologies and Applications
2:100024

Ali et al. Food Materials Research 2025, 5: €004

128.
129.

130.

131.
132.

133.

134.

Food Materials
Research

Ahmad j, Ali MQ, Arif MR, Iftikhar S, Igra, et al. 2021. Traditional and
modern techniques for food preservation. International Journal of
Modern Agriculture 10(3):219-34

Devi LS, Jaiswal AK, Jaiswal S. 2024. Lipid incorporated biopolymer
based edible films and coatings in food packaging: a review. Current
Research in Food Science 8:100720

Ahmed A, Ali SW, Imran A, Afzaal M, Arshad MS, et al. 2020. Formula-
tion of date pit oil-based edible wax coating for extending the storage
stability of guava fruit. Journal of Food Processing and Preservation
44:214336

Pedro S, Pereira L, Domingues F, Ramos A, Luis A. 2023. Optimization
of whey protein-based films incorporating Foeniculum vulgare mill.
essential oil. Journal of Functional Biomaterials 14:121

Bibi N, Rahman N, Ali MQ, Ahmad N, Sarwar F. 2024. Nutritional value
and therapeutic potential of Moringa oleifera: a short overview of
current research. Natural Product Research 38:4261-79

Braham F, Amaral LMPF, Biernacki K, Carvalho DO, Guido LF, et al.
2022. Phenolic extraction of Moringa oleifera leaves in DES: characteri-
zation of the extracts and their application in methylcellulose films for
food packaging. Foods 11:2641

Casalini S, Baschetti MG. 2023. The use of essential oils in chitosan or
cellulose-based materials for the production of active food packaging
solutions: a review. Journal of the Science of Food and Agriculture
103:1021-41

Copyright: © 2025 by the author(s). Published by
Maximum Academic Press on behalf of Nanjing

Agricultural University. This article is an open access article distributed
under Creative Commons Attribution License (CC BY 4.0), visit
https://creativecommons.org/licenses/by/4.0/.

Page 150f 15


https://doi.org/10.1016/j.lwt.2021.112837
https://doi.org/10.1016/j.fpsl.2021.100636
https://doi.org/10.1016/j.fpsl.2021.100636
https://doi.org/10.1016/j.postharvbio.2021.111740
https://doi.org/10.1016/j.meatsci.2021.108620
https://doi.org/10.1016/j.foodchem.2024.142102
https://doi.org/10.1016/j.carpta.2020.100024
https://doi.org/10.1016/j.crfs.2024.100720
https://doi.org/10.1016/j.crfs.2024.100720
https://doi.org/10.1111/jfpp.14336
https://doi.org/10.3390/jfb14030121
https://doi.org/10.1080/14786419.2023.2284862
https://doi.org/10.3390/foods11172641
https://doi.org/10.1002/jsfa.11918
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Methods
	Economic impact of fruit and vegetable waste and by-products
	Organic compounds of fruit and vegetable waste and by-products
	Extraction methods for bioactive compounds from food by-products
	Microwave-assisted extraction
	Ultrasound-assisted extraction (UAE)
	Pressurized liquid extraction (PLE)
	Sub-critical water extraction (SWE)

	Biodegradable materials from fruit and vegetable by-products
	Functional characteristics of biodegradable packaging materials
	Application of by-product biomaterials in packaging
	Effect of biodegradable food packaging on shelf life
	Conclusions and future perspectives
	Author contributions
	Data availability
	References

