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Coffee processing generates abundant by-products including husk, pulp, spent
coffee grounds, and silver skin, which pose environmental challenges but potential as
functional materials. This paper highlights recent advancements in the development
of sustainable films enriched with coffee by-products for food packaging applications.
Rich in lignocellulosic fibers, polyphenols, and antioxidants, by-products could
be transformed into film-forming matrices, fillers, or bioactive additives to improve
the bio/edible film performances. Tensile strength, elasticity, and thermal stability
were improved through fiber and lignin content of coffee by-product inclusion.
Their incorporation also improved barrier performance, reducing water vapor
and gas permeability and enhancing ultraviolet (UV) resistance, thus extending
food shelf life. Additionally, rich in biofunctional compounds such as caffeine and
chlorogenic acid, these by-products significantly boost the films antioxidant and
antimicrobial activities, offering protection against oxidative spoilage and microbial
contamination. The challenges remained regarding material standardization, sensory
impact, and large-scale application.
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1 Introduction

Conventional plastics based on petroleum dominate packaging for food application
because of their low cost, barrier properties, and durability, however, their environemntal
shows significant ecological risks, with more than million ton accumulating in oceans and
landfills every year (Plastics Europe, 2022). In response, research and industry efforts have
increasingly focused on bio-based, biodegradable, and edible films obtained from eco-friendly
resources, including polysaccharides, lipids, and proteins. Those type of materials not only
provide reduced environmental footprints but can also be tailored with functional additives
to enhance food preservation and safety.

Coftee (Coffea spp.) counts as among the most widely consumed on a global scale, with
the market demonstrating expanded steadily due to rising consumption and a growing global
population (McNutt and He, 2019). Cultivated in more than 80 countries, the coffee plant
ranks among the top internationally traded commaodities, following petroleum and mining
industries (Campos-Vega et al., 2015). According to data from the Food and Agriculture
Organization (FAO, 2021), Brazil led global green coffee production in 2021, with Vietnam
and Indonesia ranking next. Despite the fruit’s widespread cultivation, only the beans are
utilized, accounting for under 50% of the whole coffee fruit, are primarily used for
consumption (Sengupta et al., 2020). After thermal processing, including drying and grinding,
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a considerable volume of waste is produced. Once the nutritional
components are extracted from the beans, the total waste can reach
up to 90-95% of the original fruit (Hernandez-Varela and
Medina, 2023).

To address this waste issue, one promising approach is the
conversion of coffee by-products into value-added products, bio-based
or edible films as innovative sustainable packaging materials. This
innovation aligns with the United Nations’ 2030 Sustainable
Development Agenda, which emphasizes the need for immediate
measures to address climate change (UN (United Nations), 2015).
Utilization of coffee-derived residues for food purposes have gained
notable interest, as demonstrated by 424 publications on the topic,
with 36 and 29 studies specifically addressing packaging and edible
film materials, respectively, as seen in Figure 1A. This paper aim to
highlight recent advancements in the development of sustainable films
enriched with coffee by-products, with a focus on their potential to
improve material properties for food packaging applications.

2 Methods

To collect relevant information, scientific publications from books
and peer-reviewed journals were identified. Literature searches were
conducted in databases including Scopus, and Google Scholar, using
specific keywords such as “coffee by-product food,” “coffee by-product
packaging” and ‘“coffee by-product bio edible film.” The titles, abstracts,
and methods of the retrieved articles were screened to determine their

relevance and alignment with the focus of this article.

3 Coffee by-products as matrix, added
material and bioactive component of
bio/edible film

Coffee processing generates substantial quantities of by-products
with diverse chemical compositions, as seen in Figure 1B. Wet
processing, involving multiple stages such as de-pulping, fermentation,
washing, hulling, and polishing, produces various by-products: pulp,
mucilage, wash water, coffee parchment (CP), and silver skin (SS)
(Febrianto and Zhu, 2023). Conversely, using the dry process results
solely in dried husk, a combination of mucilage, pulp, CP, and SS (dos
Santos et al., 2021).

Wet processing offers more selective separation of by-products,
enabling targeted utilization based on distinct chemical composition.
As an agro-industrial by-product, coffee pulp is enriched with
carbohydrates, pectin fractions, nitrogenous compounds, and
bioactive phytochemicals. CP contains significant amounts of lignin,
hemicellulose, and cellulose (Reis et al., 2020), while SS has a notable
protein content (~20% dry weight) (Bessada et al, 2018).
Additionally, Spent coffee grounds (SCG), a residue generated during
instant coffee manufacturing, and green coffee sediments (GCS),
derived from green coffee extract manufacturing, are both abundant

Abbreviations: CNC, cellulose nanocrystals; CNF, cellulose nanofibers; CP, coffee
parchment; PDBA, 1,4-phenylenediboronic acid; PLA, polylactic acid; PVA, polyvinyl
alcohol; SCG, spent coffee grounds; SS, silver skin; WVTR, Water vapor transmission

rate; UV, ultraviolet.
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in lignocellulosic materials and bioactives such as chlorogenic acid
and caffeine (Ribeiro et al, 2018; Saratale et al., 2020; Dias
etal., 2023).

These by-products has the potential to be upgraded into materials
with added value, particularly for bio/edible film production. Dried
materials such as husk, CP, and SS can be processed into fine powders
or hydrolyzed into micro/nanocrystalline cellulose for use as
functional additives (Sung et al., 2017; Suaduang et al., 2019; Sangta
etal, 2024). Moist by-products like pulp and mucilage are suitable for
bacterial cellulose production, while phenolic-rich SCG and GCS can
be solvent-extracted to enhance film functionality. Lyophilized
mucilage has also shown potential as a film-forming matrix (Lee and
Oh, 2022; Machado and de Oliveira, 2023a), though its application
faces technological barriers due to collection and drying challenges.

The integration of micro/nanocrystalline cellulose and bioactive
extracts is increasingly attractive due to their versatility and
compatibility with various film matrices. These components support
improved transparency, reduced dependence on inorganic fillers, and
enhanced antioxidant or antimicrobial properties (Janissen and
Huynh, 2017; Boopasiri et al., 2023; Perera et al., 2023), as summarized
in Table 1. However, excessive use of untreated husk can negatively
affect film appearance (Borghesi et al., 2016). To optimize the potential
of these by-products, alternative processes involving the bioactive
extraction of materials followed by alkaline/acid hydrolysis can
be employed to obtain both bioactive extract and crystalline cellulose
(Ng et al.,, 2021). These materials have demonstrated compatibility
with polylactic acid (PLA), polyvinyl alcohol (PVA), gelatin,
carrageenan, pectin, and other biodegradable matrices, contributing
both structural and biofunctional enhancements.

4 Mechanical and thermal
characteristics

Mechanical and thermal properties serve as key elements in
assessing the performance of bio/edible films. While some biopolymer
matrices may have inherent limitations, the incorporation of fillers has
been shown to enhance both properties significantly (Pires et al,
2024). Among various bio-based fillers, coffee by-products,
particularly SCG and SS, have demonstrated promising effects in
improving the physical properties of the films (Table 1), with CP
emerging as a recent alternative.

Studies indicate that SCG and SS enhanced the thermal stability
of biofilms, especially those based on PLA. Gamiz-Conde et al. (2024)
reported that adding these by-products increased the PLA degradation
temperature from 361.5 °C to 382 °C. This improvement was possibly
due to the nucleation effect of bioactive compounds such as cellulose,
hemicellulose, and lignin, which promote crystallinity and facilitate
better thermal distribution (Shi et al., 2022). Furthermore, SCG’s
antioxidant constituents, including caffeine and chlorogenic acid,
contribute to improved thermal-oxidative stability in PVA-based
nanocomposites (Giang et al., 2023). Mechanically, SCG and SS
enhance the biofilm’s tensile strength and elasticity. Saccani et al.
(2022) found that incorporating SS raised PLA’ elastic modulus by
approximately 20%. Giang et al. (2023) observed a doubling of tensile
strength from 24 MPa to 58 MPa without the addition of other fillers.
These improvements were possibly due to the reinforcing effect of the
high fiber content in SCG and SS (Hejna, 2020), as well as mechanisms
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FIGURE 1

(B)

(A) Number of Scopus-indexed annual reports, update-June 2025. (B) Coffee and its by-product from the final product. (1) Dry process (from top to
clockwise direction): Whole dried bean, dried husk by-product containing dried skin, dried pulp, parchment and silverskin, and coffee green bean. (2)
Honey/semi-wet process (from top to clockwise direction): Dried parchment coffee, by-product parchment covered in dried pulp, coffee green bean.
(3) Wet process (from top to clockwise direction): Dried parchment coffee, parchment by-product, coffee green bean.

involving particle dispersion strengthening and reinforcement by
secondary phases (Petaloti and Achilias, 2024a). The presence of
hydroxyl and other polar functional groups in SS and SCG could
interact with polar biopolymers through hydrogen bonds or interfacial
adhesion, enabling stress transfer from the biomatrix to the by-poduct
filler, hence improving mechanical performance (Hejna, 2020).
Additionally, SS and SCG contained bioactive compounds such as
polyphenols (Hejna, 2020), presuming to stabilize polymers against
oxidative degradation during processing or storage. However, excessive
filler addition might negatively affect the film's properties. High
concentrations could lead to particle aggregation via Van der Waals
forces, resulting in reduced elasticity and increased rigidity (Gamiz-
Conde et al.,, 2024). Overloading could hinder polymer chain mobility,
decreasing crystallization and thermal stability (Shi et al., 2022). Fillers
above 5% have been associated with diminished mechanical and
thermal performance (Gamiz-Conde et al., 2024). Nevertheless, the
lack of standardized experimental protocols across studies complicates
direct comparison of results. Differences in sample preparation, filler
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processing, and testing conditions may affect reproducibility and
hinder consistent interpretation of findings. Additionally, the water
activity of the by-products should be considered. Miron-Mérida et al.
(2019) reported that CP, due to its lower water activity, reduced tensile
strength and elongation by limiting the plasticizing effect of glycerol.

5 Barrier properties

The exploration of bio-based edible films derived from coffee
by-products has gained significant interest in response to the growing
demand for sustainable packaging. Coffee SS and SCG, key
by-products of coffee processing, are rich in bioactive compounds
and contribute to enhanced film properties, particularly in terms of
barrier performance against gases, water vapor, and UV light which
influence product shelf life and quality, as summarized in Table 1.
Lignin extracted from coffee SS demonstrated effective moisture
barrier enhancement by lowering the water vapor transmission rate
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TABLE 1 Summary of the coffee by-products utilization for bio/edible film development.

[\ [o}

Main matrix

Coffee by-

product

Methods

Application

10.3389/fsufs.2025.1667255

Outcomes

References

1 PLA CNC prepared Extracted by alkali Reinforcing agent of « Increased tensile strength and Sung et al. (2017)
from SS (1-5%) treatment followed by nanocomposite film Young’s modulus
sulfuric acid hydrolysis o Improved barrier properties on water
vapor and oxygen
« Potentially used for biopolymer
materials
2 PLA SCG (0-10%) Prepared by a ball mill Filler of biocomposite | « Increased elongation at break and melt | Suaduang et al.
and sieved to the size of film flow index (2019)
90 pm o Decreased hardness and brittleness
and also modulus at break
« Potency for packaging films, nursery
bag, and greenhous
3 Gellan gum CP waste extract Extracted at 75 °C witha | Additive of biofilm « Fungal inhibition activities against Mirén-Mérida
containing caffeine | liquid/solid ratio of 41 E verticillioides, Fusarium sp., and etal. (2019)
and phenolic using 70% of aqueous C. gloeosporioides
compund (gallic, ethanol as solvent « Modified the physicochemical,
chlorogenic, mechanical and structural properties
p-coumaric, and « Enhanced potential use for food
sinapic acids) preservation
4 Bacterial cellulose | SCG filtrate as a Cultured with ptimal pH Medium culture of « Expanded opportunities for recycling Lee and Oh
medium culture of = and temperature were 6.0 | bacterial cellulose coffee by-products as film material (2022)
bacterial cellulose and 30 °C for 14 d based film « Contributed to solve environmental
problems caused by food waste
5 Post-industrial SS as regrading n/a Thin film « Improved mechanical, thermal, and Saccani et al.
PLA and toughening physical characteristics (2022)
agents « Restored film deformation ability of
the matrix
6 Carboxymethyl Press cake and n/a Active packaging film |« Showed high antioxidant activity and Vidal et al. (2022)
cellulose sediment extracts for fish oil UV-Vis absorption
of cold-pressed « Affected the oxygen barrier
green coffee oil o Lowered peroxide value in sample and
inert headspace
7 A 10% (w/v) Coffee mucilage n/a Edible film « Possessed good homogeneity, Machado et al.
lyophilized coffee continuity (absence of ruptures or (2023b)
mucilage fragile regions), and flexibility
« Presented uniformity in thickness,
high light barrier and medium water
vapor barrier
« Potential product to be used in the
cosmetic, pharmaceutical and food
industries
8 Polybutylene Coffee SS (up to Valorization Biocomposite film « Potential plant growth-promoting Pagliarini et al.
succinate-co- 30%) as bacteria species, mainly Bacillus genus | (2023)
adipate substitution agent o Released the endogenous bacteria in
the soil and stimulated plant and root
growth of the assayed crop
« Decrease of polymeric materials in
mulching products, exploitation
of a waste
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TABLE 1 (Continued)

No.

Main matrix

Coffee by-

product

Methods

Application

10.3389/fsufs.2025.1667255

Outcomes

References

9 SCG SCG fraction, Crosslinking with Biofilm o Improved barrier to water vapor and Batista et al.
comprised of coordination bonds of tensile strength (2023)
cellulose, Ca®* jons and covalent « Had higher moisture contents and
galactomannans bonds with PDBA larger elongations at break
and « The higher the crosslinking density, the
arabinogalactans longer the time for the film to fully

biodegrade
10 Chitosan Cellulose extracted = n/a Combined with o Affected the optical and Liu et al. (2023)
from coffee SS natural pigments mechanical properties
(curcumin, o Improved the UV-barrier, swelling
phycocyanin, and degree, and water vapor permeability
lycopene) to produce | « Influenced the perceived features and
composite film evoked different emotions from
consumers

11 PVA SCG-nano extract Ball milled and the UV shielding andg o Improved tensile strength Giang et al.
with size 148 nm ultrasonic liquid nanocomposite film « Enhance thermal oxidation stability for = (2023)

(1 g SCG/200 mL processor both UV shielding films and

water) hexadecyltrimethylammo- nanocomposites

nium bromide
12 PLA plasticized SCG and pristine As infusion for kombucha | Biofilm « Influenced morphological, tensile, and | Agtiero et al.
with a 5 wt% of coffee ground as fermentation thermal properties, UV-visible (2023)
maleinized substitution absorption, water vapor permeability,
linseed oil material and wettability
« Contained antioxidant activity and
compostable character

13 Chitosan Hydroalcoholic Hydroalcoholic Biofilm « Showed satisfactory of moisture, Silva et al. (2024)
extract of C. swelling, solubility, and thermal
arabica L. leaves (0, resistance values
125, 250 and o Decreased mechanical strength
500 mg/cm?) « Demonstrated antimicrobial activity

against S. aureus and S. epidermidis
14 Pectin Coffee grounds Valorization Biofilm « Increased thickness, opaque, dark Cruz et al. (2024)
color and phenolic content
« Exhibited a more irregular and coarser
microstructure compared to the
pectin film
« Influenced mechanical properties
« Exhibited biodegradable in soil and
seawater
15 Pectic Coffee fruit cascara | Microwave-assisted Bioplastic o Possessed good stretchable Oliveira et al.
polysaccharides extraction and purified « Exhibited ability to develop (2021)
with ultrafiltration antioxidant and flexible bioplastics
16 Kappacarrageenan | SCG oil Made by pressing Edible film « Increased level of polyphenols and Dordevic et al.
together Robusta and antioxidant properties (2024)
Arabica coffee varieties o Increased the breaking elongation
« Has promising prospects as an active,
readily accessible compound in the
food packaging sector
(Continued)
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TABLE 1 (Continued)

17

Main matrix

PLA

Coffee by-

product

SS with level 2.5 to
20 wt.%

Methods

Bleaching treatment

Application

Biocomposite film

10.3389/fsufs.2025.1667255

Outcomes

A noticeable rise in water vapor
transmission rate and permeability was
observed only when more than 10%
was added

Decreased in color lightness

Improved mechanical properties and

antioxidant activity

References

Petaloti and

Achilias (2024a)

18

Wheat Flour/

Glucose Mixtures

SS particles and

aqueous extract

n/a

Bioactive film

Affected water uptake, film dissolution,
and swelling capacity

Demonstrated greater tensile strength
at break and increased

Young’s modulus

Provided an alternative application of
wheat flour and coffee SS as a cost-

effective biocomposite material

Petaloti et al.

(2024b)

19

Gelatin

Cascara extract

n/a

Edible active coating

Improved oxygen barrier property
Exhibited a brown film, making it
suitable for application in dark-colored
food products.

Potentially doubling hazelnut shelf life

Turan et al.

(2024)

20

PLA

SCG and SS

n/a

Biofilm

Enhanced thermal and

mechanical properties
Demonstrated strong prospects for
diverse applications within the food

industry

Gamiz-Conde

etal. (2024)

21

Alginate-Lecithin

Different coffee
bean extracts
(green, Ight-dark

roasted)

Phenolics extraction,

maceration

Biofilm

Antioxidant-rich biofilms

Coffee extracts shown significant
antioxidant effects

Improved UV resistance

Has antimicrobial properties

Environmentally friendly packaging

Socha et al.

(2024)

22

Sodium alginate

Lignin SS extract
(Costa rican coffee,

Kenyan coffee)

Solvent extraction

Edible film

Glycerol-plasticized edible films
exhibit the lowest WVTR
Cofee SS serve as a biodegradable and

economical source of lignin

Tung and Tugrul
(2024)

23

Coffee husks
CNC

Coffee husks CNC

Alkali tretment,

bleaching, acid hydrolysis

Solid film

The films demonstrated water
resistance, chromatic changes
dependent on viewing angles,
fluorescence, and left-handed circular

polarization

Nyaruai et al.

(2024)

(WVTR), thereby extending food shelf life (Tun¢ and Tugrul, 2024).
Additionally, coffee-derived fillers reduced gas permeability, limiting
oxygen and CO, diffusion, which were critical for preserving food
freshness (Tung and Tugrul, 2024). This effect was attributed to the
incorporation of lignin, which increased matrix hydrophobicity and
compactness while reducing the polymer free volume for gas
diffusion, thereby limiting water vapor transmission (Tun¢ and
Tugrul, 2024). Coffee extracts have also been reported to enhance UV
barrier performance. Alginate-lecithin films enriched with medium-
roasted coffee extracts significantly reduced UV transmission
(200-400 nm), an advantage for protecting light-sensitive products

Frontiers in Sustainable Food Systems

(Socha et al., 2024). Cellulose-based films reinforced with natural
pigments from coffee SS exhibited improved tensile strength and UV
resistance, combining protective and aesthetic functions (Liu et al.,
2023). This phenomenon was because polyphenols and melanoidins
provided UV-absorbing chromophores and antioxidant activity that
could prevent photodegradation and oxidative damage (Socha et al.,
2024). However, while lipid plasticizers were used, they could
enhance flexibility, they might also compromise barrier properties
(Fadilla et al., 2023; Petaloti and Achilias, 2024a). Gas barrier
properties could be highly influenced by the presence of chemical
modifications or naturally derived additives in the films (Sisti et al.,
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2021). Natural additives like dyes enhanced both barrier efficiency
and visual appeal without affecting the film’s sustainability (Sisti et al.,
2021; Kruszelnicka et al., 2023). Despite these advances, the absence
of standardized experimental protocols across studies leads to
variability in reported results.

Optimizing formulations, such as varying the ratios of coffee
by-products in polymer matrices, could tailor films for specific uses (Liu
etal,, 2023). Practical challenges remained, including film brittleness and
excessive thickness, which hindered usability in commercial packaging
(Fadilla et al., 2023). Lastly, the integration of safety regulations and
consumer acceptance is essential to support the adoption of coffee by
product-based edible films with desired barrier properties in the
evolving market for biodegradable packaging (Oliveira et al., 2021).

6 Biofunctional features, sensory
attributes, and scale-up

Coffee by-products, including pulp, husk, SS, and SCG, are rich in
bioactive compounds such as chlorogenic acid, caffeic acid, and
flavonoids. These compounds exhibit potent antioxidant, antifungal,
and antibacterial properties, making coffee waste a promising
sustainable ingredient in the development of bioactive edible coatings
and films, as documented in Table 1.

Vidal et al. (2022) evaluated the antioxidant activity of cold-
pressed green coftee oil (GCO), combined with press cake (CE) and
sediment (SE) extracts, in carboxymethyl cellulose (CMC) films
using the 2,2-diphenyl-1-picryl hydrazyl (DPPH) assay. Films
containing CE and GCO (C-CE) or SE and GCO (C-SE)
demonstrated significantly enhanced antioxidant properties, with
C-CE and C-SE films recording 3.61 £+ 0.01 and 2.03 + 0.01 mmol
Trolox equivalents/g dry weight, respectively. In contrast, plain CMC
films showed no detectable antioxidant activity. The enhanced
performance was attributed to the higher levels of chlorogenic acids
and caffeine in CE and SE. Turan et al. (2024) incorporated cascara
extract films made from gelatin and glycerol. All formulations
exhibited DPPH radical scavenging activity exceeding 45% even after
a tenfold dilution. Reducing the gelatin and glycerol content increased
total phenolics, indicating that cascara extract was the main
contributor to antioxidant activity. Dordevic et al. (2024) investigated
the antioxidant potential of k-carrageenan films containing SCG
using ferric reducing antioxidant power (FRAP), 2,2-azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), and cupric ion
reducing antioxidant capacity (CUPRAC) assays. Films with more
than 0.45% SCG showed enhanced activity in the FRAP assay, while
the CUPRAC method indicated improved antioxidant potential
across all SCG concentrations. ABTS results showed no significant
improvement with SCG addition, emphasizing the influence of assay
type on antioxidant assessment, as CUPRAC detected both
hydrophilic and lipophilic compounds.

Mirén-Meérida et al. (2019) examined the antifungal properties of
coffee parchment (CP) extract incorporated into gellan gum films.
Films containing 8 mg of CP extract showed the highest antifungal
activity against Fusarium verticillioides, Fusarium sp., and
Colletotrichum gloeosporioides. In contrast, control films without CP
showed no inhibition against Fusarium sp. and C. gloeosporioides,
suggesting the activity stemmed from bioactives such as gallic acid,
chlorogenic acid, p-coumaric acid, and caffeine. Variations in fungal
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sensitivity were attributed to film thickness, water sensitivity, and
fungal cell wall differences. Silva et al. (2024) further demonstrated
antibacterial activity of chitosan films incorporating coffee leaf
extracts. These films inhibited Gram-positive bacteria (Staphylococcus
aureus, Staphylococcus epidermidis) but not Gram-negative bacteria
Pseudomonas aeruginosa, likely due to the latter’s outer membrane
barrier. Chlorogenic acids contributed to the dual antioxidant and
antimicrobial functionality, as also reported by Rebollo-Hernanz et al.
(2023), reinforcing the potential of coffee by-products in
multifunctional food packaging solutions. Yet, the absence of
standardized protocols across assays and film preparations complicates
result interpretation and limits cross-study comparability.

Due to the presence of phenolic compounds, aroma compounds,
and textural components in coffee by-products, their incorporation
may alter the sensory profile of bio/edible films by modifying the
composition of volatile and non-volatile compounds, thereby affecting
aroma, flavor, mouthfeel, and aftertaste. Shrestha et al. (2021) reported
that higher incorporation of phenolic compounds intensified color,
astringency, and mouthfeel, consequently altering the overall sensory
profile of food products. Wan-Mohtar et al. (2025) explained that the
taste and aroma of coffee influence consumer acceptance because of
its distinct lipid, protein, and caffeine profiles compared to other
beans. However, no studies have reported such phenomena in bio/
edible films, opening opportunities to optimize the incorporation of
coffee by-products in developing films that align with consumer
preferences. Additionally, residual caffeine, tannins, and other
phenolic compounds contained in the coffee by-products, at extreme
concentrations, may exert cytotoxic effects, requiring careful
toxicological assessment before their application in bio/edible film
development (Mussatto et al., 2011).

Coffee by-product utilization faces challenges in consistent
collection and drying due to seasonality, moisture content, and rapid
spoilage. Coffee by-product streams are fragmented (household,
commercial, industrial), are often wet and perishable so they need
stabilization (e.g., drying), and show variable compositions that
complicate consistent processing and quality control (Franca and
Oliveira, 2022). Processing into standardized ingredients and
integrating them into existing manufacturing lines remains difficult,
with higher costs compared to conventional materials (Esquivel and
Jiménez, 20115 Selvam et al., 2025). Furthermore, regulatory hurdles,
particularly for food-contact applications, pose significant barriers to
commercialization (Esquivel and Jiménez, 2011; Selvam et al., 2025).

7 Conclusions and future perspectives

Coffee by-products offer a promising, cost-effective, and
environmentally sustainable alternative for improving the functional
and ecological performance of bio/edible films. These agro-industrial
residues exhibit a richness in biofunctional compounds such as
polyphenols, caffeine, and dietary fibers, which contribute significant
antioxidant, antimicrobial, and UV-barrier properties, making them
ideal candidates for applications in active food packaging. Several
studies indicate that adding coffee by-products into biopolymer
matrices can enhance mechanical strength, water vapor barrier
properties, as well as thermal stability, while extending the shelf life
of highly perishable foods. Despite these encouraging findings,
additional research is required to fully exploit the potential of coffee
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by-products in edible coating development. The future direction
could involve the encapsulation and controlled release of coffee-
derived bioactives within edible film matrices. Furthermore, the
practical application of coffee by-product-based coatings on real food
systems should be explored, along with thorough toxicological and
sensory evaluations. These assessments are essential to ensure the
safety, consumer acceptability, and to address potential concerns such
as astringency when coffee-derived coatings are used in direct contact
with food. Emerging technologies, such as nanotechnology for
precise release mechanisms and 3D printing for customized edible
film structures, may open new opportunities for designing next-
generation coffee by-product-based packaging. Encapsulation
strategies could help stabilize sensitive compounds while mitigating
undesirable sensory impacts, thereby improving consumer
perception. Integrating these advanced approaches will accelerate the
translation of coffee by-product-based edible films from laboratory
studies to commercial food applications.
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