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d application of Opuntia ficus-
indica mucilage films incorporated with zinc oxide
nanoparticles for active packaging of cherry
tomatoes

Motlatsi Jane Mohlamonyane,ab Jerry Oluwasegun Adeyemi ab

and Olaniyi Amos Fawole*ab

The persistent challenge of food waste, which threatens global food security, has urged exploration of

innovative food packaging solutions. Multifunctional nanocomposites have emerged as sustainable

packaging alternatives that exhibit antioxidant and antimicrobial effects. This study investigates the

development of Opuntia ficus-indica mucilage (OFIM)-based films incorporating cellulose nanofiber

(CNF) and zinc oxide nanoparticles (ZnO NPs) at 0.2%, 0.4%, and 0.6% (w/w) for postharvest application.

The structural and morphological properties of the films were characterized using transmission electron

microscopy (TEM), scanning electron microscopy (SEM), X-ray diffraction (XRD), and Fourier-transform

infrared spectroscopy (FT-IR). Incorporation of ZnO NPs significantly altered film appearance and color,

enhanced opacity, and improved ultraviolet barrier properties. Film thickness and tensile strength

increased with higher nanoparticle content (55.95–119.28 MPa), while water vapor transmission showed

only slight changes (1.03 × 10−7 to 1.93 × 10−7 g m m−2 h−1 Pa). Antioxidant assays revealed that all

OFIM/CNF/ZnO films exhibited superior antioxidant activity (51–68%) compared to control films. All

formulations displayed comparable or enhanced antimicrobial activity against food-borne pathogens

relative to neomycin. OFIM/CNF/ZnO (0.4%) demonstrated the best overall performance and was applied

as an edible coating on cherry tomatoes alongside control (uncoated), OFIM, and OFIM/CNF treatments.

The composite coating effectively delayed weight loss, respiration rate, pH changes, and ascorbic acid

degradation, thereby extending shelf-life and preserving fruit quality. Overall, the findings demonstrate

that OFIM-based nanocomposite coatings are sustainable active packaging solutions that enhance food

preservation and reduce postharvest losses.
Sustainability spotlight

This study developed Opuntia cus-indica mucilage (OFIM)–based nanocomposite lms incorporated with green synthesized ZnO nanoparticles as sustainable
active packaging materials. The lms were derived from plant-based resources and agro-industrial biomass, offering a biodegradable alternative to conventional
petroleum-based packaging. The subsequently developed coatings exhibited antioxidant and antimicrobial activity and effectively preserved the postharvest
quality of cherry tomatoes by reducing weight loss, respiration rate, and nutrient degradation during storage. Therefore, OFIM-based nanocomposite lms
provide a promising sustainable packaging approach that can contribute to reducing postharvest losses and improving food preservation, supporting SDG 2
(Zero Hunger) and SDG 12 (Responsible Consumption and Production).
1 Introduction

As the global population continues to grow, the demand for
food correspondingly increases. Consequently, food production
entre, Department of Botany and Plant

rg, P.O. Box 524, Auckland Park,
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ive in Sustainable Preservation and

Science, University of Johannesburg,

y the Royal Society of Chemistry
and safety have emerged as critical priorities.1 Food packaging
is crucial for ensuring safe transportation and protecting food
items from contamination, spoilage, and environmental expo-
sure.2 It also plays a key role in reducing food waste and
preserving nutritional quality. Traditional food packaging
materials, primarily produced from petroleum-based plastics,
are increasingly implicated as unsustainable packaging solu-
tions due to their carcinogenicity, non-biodegradability, and
non-renewable properties.3 These characteristics contribute to
environmental pollution, posing signicant threats to human
health, wildlife, and ecological balance due to their
Sustainable Food Technol.
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accumulation in ecosystems.4,5 Considering these concerns,
biopolymer-based materials have emerged as promising alter-
natives offering benets such as biocompatibility, gas barrier
properties, biodegradability, optical properties, and certain
biological properties.6,7

Natural biopolymers, including lipids, proteins, and poly-
saccharides, offer a promising material for the development of
non-toxic, biodegradable edible lms.8 Amongst those of poly-
saccharide origin, Opuntia cus-indica mucilage (OFIM) is
a notable example that stands out due to its structural integrity,
stability, and moisture retention properties.9–11 This mucilage
exhibits exceptional multifunctional properties as an alterna-
tive to polysaccharides such as pectin, starch, and alginate.
Opuntia cus-indica mucilage (OFIM) is widely known for its
natural thickening ability, high water-holding capacity,
biocompatibility and exceptional lm-forming abilities, attrib-
uted to its complex heteropolysaccharide nature.12 It is recog-
nized as a high-molecular-weight heteropolysaccharide
primarily composed of sugars such as xylose, galactose, glucose,
rhamnose, arabinose, and galacturonic acid, as well as proteins
and uronic acids (particularly glucuronic acid). This chemical
composition contributes to its functional properties, including
water-binding capacity, rheological behaviour, and emulsifying
ability, which are oen comparable to those of commercial
hydrocolloids such as pectin. Compared to regular poly-
saccharides like starch and alginate, which oen require
chemical modication or mixing to work well, OFIM naturally
exhibits multifunctional properties due to its complex mix of
sugars.13 Also, unlike many typical polysaccharides, which
mainly provide structure, OFIM contains natural bioactive
compounds, such as phenolics, that confer antioxidant prop-
erties to active packaging systems.14 Moreover, since it comes
from widely available agricultural waste, it is more sustainable
and cost-effective, making it a strong candidate for new biode-
gradable packaging materials.15 The high molecular weight of
this mucilage contributes to its excellent thickening ability and
high viscosity, making it a promising biopolymer for food
packaging applications.16,17 This material has been reported to
possess lm-forming and coating properties, highlighting its
effectiveness as a sustainable packaging material.18 However,
due to its hydrophilic nature, it exhibits limited mechanical,
barrier, and decay resistance properties, which constrain its
application in food packaging.19 As result, the development of
effective composite edible lms using OFIM necessitates the
incorporation of supplementary materials such as cellulose
nanobers (CNFs) and the functionalization using active bio-
logical ingredients.20

The incorporation of natural llers including CNFs has been
well documented in the literature to enhance the resulting
physicochemical properties.19,21–23 As such, CNFs have gained
recognition due to their excellent mechanical strength, versa-
tility, and biodegradability.24 These nanollers facilitate the
formation of a strong network within the lm base matrix,
thereby enhancing the lm's hydrophobicity, mechanical
durability, and structural integrity, which are essential for
maintaining quality and preserving the freshness of packaged
food products.22,25–27 Concurrently, green-synthesized ZnO NPs
Sustainable Food Technol.
mediated using plant extracts have gained attention as effective
antimicrobial and antioxidant additives for food-contact lms
and coatings.28–30 This green synthesis approach employs plant-
derived phytochemicals such as terpenoids, carbohydrates,
proteins, alkaloids, saponins, and avonoids as natural
reducing and stabilising agents, providing a sustainable and
less toxic alternative to conventional chemical synthesis
methods.31 Compared to conventionally made or commercially
available ZnO nanoparticles, green-synthesized ZnO oen has
phytochemical residues on its surface. These residues enhance
dispersion stability and compatibility with biopolymer
matrices, which may, in turn, enhance antimicrobial and anti-
oxidant properties, thereby improving overall performance.
Thus, ZnO NPs have been extensively used in various industries
due to their unique properties, including photocatalytic activity,
anti-corrosion effects, low electron conductivity, excellent heat
resistance, antioxidant effects, and antibacterial properties.32

Additionally, they are classied as ‘Generally Recognized as Safe
(GRAS)’ by the US Food and Drug Administration (FDA) for both
human and animal consumption when in their bulk form.30

Consequently, ZnO NPs are used as antimicrobial agents in
active food packaging systems to inhibit foodborne pathogens,
mitigate contamination and spoilage, and prevent postharvest
losses by enhancing food quality and safety.30,33

Building on our previous nding, in which ZnO NPs
synthesized from OFI cladode peel wastes exhibited superior
biological properties compared to those synthesized from OFIM
residue wastes,31 the present study developed OFIM-based lms
infused with CNF and varying concentrations of ZnO NPs
synthesized exclusively from OFI cladode peel waste. The
physicochemical, antimicrobial, and antioxidant properties of
the resulting nanocomposite lms were evaluated for their
suitability as an active packaging material for food preservation.
Finally, the best-performing formulation was applied as an
edible coating to cherry tomatoes to assess its effectiveness in
retaining postharvest quality.

2 Materials and methods

Cellulose nanobers (CNFs) (Valida S231C) were obtained from
Sappi South Africa as a brillated cellulose aqueous suspension
made from wood pulp. The material consists of about 8 ±

0.5 wt% cellulose and 92 ± 0.5 wt% water, with a high degree of
brillation ($91% nes). The CNF suspension has a high
viscosity ($520 mPa s at 1 wt% and 100 s−1, 20 °C) and a near-
neutral pH (7.0–9.0), indicating its ability to form an inter-
connected brillar network. Before use, the suspension was
freeze-dried to produce a dry powder for mixing into the lm
matrix. This process was carried out to enable controlled
dispersion during lm preparation. Although the supplier does
not provide specic size details, cellulose nanobers typically
have diameters in the nanometer range (z5–60 nm) and
lengths extending into the micrometer range, resulting in high
aspect ratios (>100). These characteristics enhance their rein-
forcing quality in polymer matrices. All other chemicals used in
this study were sourced from Sigma-Aldrich (South Africa) and
were of analytical grade.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.1 Preparation of chemicals and materials

The Opuntia cus-indica cladodes (cv Morado) were sourced
from Ubali Pomegranate & Prickly Pear Farm located in Pre-
toria, South Africa (25°38031.900 S, 28°27033.000 E), and subse-
quently transported to the Postharvest Research Centre at the
University of Johannesburg. Mature cladodes were selected for
mucilage extraction. All reagents utilized for this study were
procured from Sigma-Aldrich (South Africa) and were used
without further purication.
2.2 Extraction of OFI cladode mucilage

Mucilage extraction was performed following established
methodologies documented in the literature.34 Briey, the
cladodes were peeled, resulting in cladode peel waste, and the
remaining cladode pulp was diced into cubes and microwaved
for 4 min. The soened pulps were then blended and centri-
fuged at 8000 rpm and 4 °C for 15 min to isolate the OFI
mucilage (OFIM). The resulting mucilage was then freeze-dried
to obtain a powder, which was stored in a sealed container until
further use.
2.3 Biosynthesis of ZnO NPs from OFI cladode peel wastes

As previously detailed in our report,31 the extraction of cladode
peel waste was conducted by dissolving 20 g of powdered waste
in 200 mL of distilled water at 70 °C for 2 h. The solution was
subsequently ltered using Whatman No. 1 lter paper.
Following ltration, approximately 200 mL of the resultant
extracts was transferred to a 500 mL beaker, whereupon 100 mL
of a 1 mM Zn(CH3CO2)2$2H2O solution was added. This
mixture was then maintained under alkaline conditions. This
reaction mixture was heated at 70 °C for 2 h with continuous
stirring, resulting in a visible color change to off-white, indi-
cating nanoparticle formation. Following this, the mixture was
centrifuged, and the resulting residue was washed with distilled
water and 100% methanol to remove unreacted materials. This
residue was subsequently oven-dried at 50 °C for 12 h and
calcined at 400 °C for 3 h. Crystalline nanoparticles, denoted as
ZnO, were obtained and used at various concentrations to
formulate OFIM-based lms. The biosynthesized ZnO nano-
particles exhibited predominantly spherical morphology with
minor agglomeration, as conrmed by SEM and TEM analyses.
Particle size distribution analysis revealed a mean particle size
of approximately 24.33 nm. FTIR spectra showed characteristic
peaks corresponding to hydroxyl (–OH), C–H, C–O, and Zn–O
stretching vibrations, indicating the involvement of bioactive
phytochemicals, particularly phenolic compounds, in the
reduction and stabilization of the nanoparticles. These ndings
are consistent with our previously reported study. Other
detailed physicochemical characterization of the synthesized
ZnO, particle size distribution histogram, and SEM/TEM anal-
ysis have already been reported in our earlier study.31
2.4 Formulation of OFIM-based lms (OFIM/CNF/ZnO)

Following the previously reported approach with modica-
tions,6,8 a 3% solution of the prepared mucilage powder was
© 2026 The Author(s). Published by the Royal Society of Chemistry
prepared by dissolving it in 100 mL of distilled water for 1 h
under continuous stirring at ambient temperature to ensure
complete hydration. Aerward, a mixture of 1 mL of canola oil
and Tween 80 was added to themixture to enhance exibility. In
addition, glycerol (20% v/w relative to OFIM) was introduced
into the mixture as a plasticizer and allowed to stir for an extra
15 min. Following these additions, cellulose nanobers (CNFs)
at a concentration of 1% w/w relative to dry OFIM were added,
and the mixture was heated for an additional 20 min at 50 °C.
Furthermore, various concentrations of biosynthesized ZnO
NPs (0, 0.2, 0.4, and 0.6 (w/w %) relative to OFIM) were subse-
quently incorporated and allowed to mix for 30 min. The
resulting lm-forming solutions were then homogenized and
subjected to ultrasonication for 1 h to minimize air bubble
formation. Finally, 30 mL of the lm-forming solutions were
transferred into Petri dishes and oven-dried at 50 °C for 72 h.
The resulting compositions of the fabricated lms are
summarized in Table S1 in the SI.
2.5 Color attributes

The color attributes of the lms, including lightness (L*),
redness/greenness (a*), and yellowness/blueness (b*), were
evaluated using a colorimeter (Konica Minolta Chroma Meter
CR-400, Osaka, Japan). All measurements were performed in
triplicate. The total color difference (DE) was calculated using
the following equation:

DE = [(DL)2 + (Da)2 + (Db)2]0.5 (1)

where DL, Da, and Db denote variation in each color value
compared to the color of control lms.35
2.6 Moisture content (MC)

Moisture content was determined following the procedure in
the literature.4 In triplicate, dried strips of nanocomposite
OFIM-based lms were cut into fragments (2 cm × 2 cm). The
initial mass of the fragments was determined utilizing
a measuring scale (RADWAG Electronic PS 4500, R2.M, Poland,
0.01 accuracy). The fragments were then oven-dried at 100 ± 1 °
C for 24 h, aer which the nal mass was recorded. The MC was
calculated using the following equation:

MCð%Þ ¼ M0 �M1

M0

� 100 (2)

where M0 and M1 denote the lm's initial mass (g) before and
aer drying, respectively.
2.7 Water solubility (WS)

Water solubility was determined using the procedure outlined
in the literature with some adjustments.6 In triplicate, the
nanocomposite OFIM-based lms were cut into fragments (2 cm
× 2 cm) and then oven-dried at 50 °C for 24 h. Aerward, the
initial mass of the fragments was recorded using a measuring
scale (RADWAG Electronic PS 4500, R2.M, Poland, 0.01 accu-
racy). The fragments were then dipped in distilled water (30 mL)
and allowed to stir overnight at 50 °C. Aer immersing, the non-
Sustainable Food Technol.
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solubilized pieces were ltered using Whatman lter paper,
then oven-dried at 100 °C for 2 h. The ltered pieces were then
oven-dried at 100 °C for 2 h, and their nal masses were noted.
The WS percentage was determined using the following
equation:

WSð%Þ ¼ Winitial �Wfinal

Winitial

� 100 (3)

where Winitial and Wnal denote the initial and nal mass of the
lms, respectively.

2.8 Water vapor transmission rate (WVTR)

The water vapor transmission rate (WVTR) properties of nano-
composite OFIM-based lms were evaluated using the proce-
dure in the literature with some slight modications.6 Dried
lms were cut into sections (8 cm × 8 cm) in triplicate. About
25 mL of distilled water was transferred into measuring cups,
with lm sections mounted onto them. Subsequently, paralm
was employed to securely seal the cups, thereby establishing
watertight conditions. The initial mass was recorded using
a precision scale (RADWAG Electronic PS 4500, R2.M, Poland,
with an accuracy of 0.01 g), and the samples were then placed in
an oven at 50 °C, maintained at 50% relative humidity. The
change in weights of each measuring cup was recorded at
hourly intervals for 8 h. Water vapor transmission rate (WVTR)
was determined using the following equation:

Weight changes for each cup were measured every hour for
8 h.

WVTR ¼

�
Slop

A

�
� X

PðR1 � R2Þ (4)

WVTR (g mm−1 hr−1) is represented as slope (g h−1) divided
by the total surface area (mm2). X (mm) denotes the thickness of
lms, and Dp is described as p (R2–R1), where R1 is 0% and R2 is
50%.

2.9 Mechanical properties

2.9.1 Tensile strength. The tensile strength of the lms was
determined using a texture analyzer (GÜSS-FTA, Strand, South
Africa). The lms were cut into fragments (4 cm × 8 cm), and
each fragment was subjected to puncture using an 8 mm probe.
The maximum puncture resistance force exhibited by each lm
section was recorded. The tensile strength was calculated by
dividing the puncture resistance force by the cross-sectional area
of the lm fragments, as delineated in the following equation:

TSðMPaÞ ¼ Fmax

L�W
(5)

where Fmax denotes the maximum puncture resistance force (N),
L represents the length (cm), and W denotes the width (cm) of
the lms.36

2.9.2 Thickness. The thickness of the lms was measured
employing a digital micrometer with an accuracy of±0.001 mm.
Measurements were taken at ve distinct points, randomly
selected near the center of the lm, including the midpoint.
Sustainable Food Technol.
Subsequently, mean values of the lm thickness were calculated
(n = 5).4

2.10 Light transmittance and opacity

The optical barrier properties of the nanocomposite lms were
evaluated using a UV spectrophotometer (Spectrum Instruments,
SP-UV 300, Shanghai, China) within a wavelength range of 400 to
800 nm. For the analysis, the dried lms were cut into fragments,
measuring 1 cm × 3 cm, and placed perpendicularly in a plastic
cuvette to measure light transmittance, using an empty plastic
cuvette as a reference. The opacity of the lms was recorded by
measuring absorbance at 600 nm, which was subsequently divided
by the lm thickness,37 as illustrated in the following equation:

Opacity ¼ A600

X
(6)

where A600 denotes the absorbance value recorded at 600 nm
and X denotes lm thickness.

2.11 X-ray diffraction (XRD)

The crystalline properties of the ZnO-incorporated lms were
analyzed using an X-ray diffractometer (PANalytical Empyrean,
XPERT-PRO, USA) within a 2q range of 20° to 80°, a scanning
speed of 2 min−1, and Cu Ka radiation (l = 1.5418 Å) at room
temperature. For the analysis, circular-shaped lms (diameter
3.5 cm) were used, and each lm section was positioned on the
X-ray exposure stage.35

2.12 Scanning electron microscopy

The surface morphology of the lms was examined using
scanning electron microscopy (Tescan Vega 3, Brno, Czech
Republic). Each lm fragment was subjected to carbon coating,
and images were captured at various magnications.38

2.13 Fourier transform infrared spectroscopy (FT-IR)

An FTIR spectrophotometer (Thermo Scientic Smart iTR,
Attenuated Total Reectance, Thermo Fisher Scientic Inc.,
USA) was used to analyze the structural interactions among the
OFIM powder, CNF, and synthesized ZnO NPs with spectra
ranging from 4000 to 400 cm−1.39

2.14 Biological properties of the lms

2.14.1 DPPH radical scavenging assay. The antioxidant
properties of the nanocomposite lms were evaluated using
a methodology reported in the literature using the DPPH (2,2-
diphenyl-1-picrylhydrazyl) assay.6 Film sections (50 mg) were
immersed in 10 mL of distilled water in a centrifuge tube and
vigorously mixed for 5 min. The mixture was then centrifuged
for 5 min at 5000 rpm at 4 °C. Aerward, 3 mL of supernatant
was collected and combined with 1 mL of methanolic DPPH,
then incubated in the dark at room temperature for 30 min.
Absorbance values were recorded using a UV spectrophotom-
eter (Spectrum Instruments, SP-UV 300) at 517 nm. The
percentage of radical scavenging activity was calculated using
the following equation:
© 2026 The Author(s). Published by the Royal Society of Chemistry
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DPPH scavenging activityð%Þ ¼ AbsDPPH �AbsDPPH=sample

AbsDPPH

� 100% (7)

where AbsDPPH represents the absorbance of the methanolic
DPPH solution and AbsDPPH/sample refers to the absorbance of
the methanolic DPPH solution mixed with the lm samples.

2.14.2 Ferric reducing antioxidant power (FRAP) assay. The
Ferric Reducing Antioxidant Power (FRAP) of the lms was
evaluated using a procedure reported in the literature with
slight adjustments.40 A fresh FRAP solution was prepared in an
Erlenmeyer ask by combining 20 mM ferric chloride and
10 mM 2, 4, 6-tripyridyl-s-triazine (TPTZ) in 0.25 M acetate
buffer (pH 3.6).41 Film section samples (50 mg) were immersed
in 10 mL of distilled water in a centrifuge tube and vortexed for
5 min, followed by centrifugation at 5000 rpm for an additional
5 min at 4 °C. The resulting supernatant (90 mL) was mixed with
distilled water (270 mL), followed by the addition of 2.7 mL of
the freshly prepared FRAP reagent solution and incubated for
30 min in the dark at room temperature. Absorbance values
were recorded using a UV spectrophotometer (Spectrum
Instruments, SP-UV 300) at a wavelength of 593 nm. The results
were expressed as Trolox (mM) equivalents per milligram of lm
fragments (mM TE mg−1).

2.14.3 ABTS+ radical scavenging activity (RSA) assay. The
ABTS+ radical scavenging activity of the nanocomposite lms
was assessed in accordance with the protocol reported in the
literature with some changes.6 A mixture of 2.45 mM potassium
persulfate and 7mMABTS was prepared in a 1 : 1 stoichiometric
ratio and incubated at room temperature for 12 to 16 h in the
dark. Following incubation, 1 mL of the resulting mixture was
diluted with 100% methanol to achieve an absorbance of 0.704
± 0.001 at 734 nm. Film fragment samples (50 mg) were
immersed in 10 mL of distilled water and vortexed vigorously
for 5 min, followed by centrifugation at 5000 rpm for another
5 min at 4 °C. About 3 mL of the resulting supernatant was
combined with 1 mL of the methanolic ABTS mixture, and the
mixture was incubated for 30 min at room temperature.
Absorbance values were measured utilizing a UV spectropho-
tometer (Spectrum Instruments, SP-UV 300, Shanghai, China) at
734 nm. The percentage of ABTS+ radical scavenging activity was
estimated using the following equation:

ABTS scavenging activityð%Þ ¼ AbsABTS �AbsABTS=samples

AbsABTS

� 100ð%Þ (8)

where AbsABTS denotes the absorbance of the methanolic ABTS
solution, while AbsABTS/samples refers to the absorbance of the
methanolic DPPH solution mixed with the lm samples.

2.14.4 Antimicrobial properties. Antimicrobial activity of
the lms was investigated utilizing the agar well disc diffusion
assay against common foodborne pathogens (Staphylococcus
aureus ATCC 29213, Listeria monocytogenes ATCC 7644, Escher-
ichia coli ATCC 35218, and Candida albicans ATCC 14053. Film
samples (8 mm diameter) were placed on the surface of the
Mueller–Hinton agar plates and incubated for 24 h at 37 °C.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Following incubation, the zones of inhibition were measured to
evaluate the antimicrobial properties.4
2.15 Release proling

The release prole of the developed nanocomposite lms was
assessed using the method described by Priyanka et al. (2024),41

with slight modications. Film fragments measuring 2 cm ×

2 cm were immersed in 10 mL of distilled water and incubated
under shaking conditions at 37 °C. At 3 h intervals, 1.5 mL of
the sample solution was collected and used to measure the
surface plasmon absorption maxima at 370 nm.
2.16 Application on cherry tomatoes

2.16.1 Procurement and handling of tomatoes. Cherry
tomatoes were obtained from the Johannesburg Market and
subsequently transported to the Postharvest Research Centre at
the University of Johannesburg. The fruits were then sorted for
uniformity in size, color, and the absence of defects. Following
this, they were rinsed with a 0.1% sodium hypochlorite solution
to minimize contamination.

2.16.2 Application of edible coating. The fruits were
immersed in their respective composite coatings for 3min. Four
distinct treatments were administered: control fruits (dipped in
distilled water), OFI mucilage alone, OFI mucilage with cellu-
lose nanober (OFIM/CNF), and OFI mucilage with CNF and
ZnO (OFIM/CNF/ZnO (0.4%). Following treatment, the fruits
were permitted to air dry at room temperature for 1 hour before
being packaged in ventilated punnets. Each treatment con-
sisted of three replicates, with ve fruits per replicate, as shown
in Fig. S1 in the SI. The fruits were stored at ambient temper-
ature (85 ± 2% relative humidity at 25 °C ± 2 °C) for 12 days,
and postharvest quality was assessed at 2-days intervals.42

2.16.3 Physiological properties
2.16.3.1 Weight loss. The weight loss percentage of the

cherry tomatoes was determined using the method reported in
the literature.43 At the beginning of the storage period, ve
random cherry tomatoes from each replicate were selected and
weighed using an electronic weighing scale (RADWAG Elec-
tronic PS 4500.R2.M, Poland; accuracy 0.01 g) and recorded as
Wi (initial weight). And thereaer, the same fruits were consis-
tently weighed at 2-days intervals, noted as Wf. Weight loss was
then determined using the following equation:

WLð%Þ ¼ Wi �Wf

Wf

� 100 (9)

2.16.3.2 Respiration rate. The respiration rate of the toma-
toes was assessed using the closed system approach.42 Five
fruits per replicate were placed in a 400 mL airtight container
sealed with a lid tted with a rubber septum and incubated for
1 h at room temperature. Aer incubation, the carbon dioxide
produced inside the container was measured using an infrared
gas analyzer (Checkmate 3, PBI Dansensor, Ringsted, Den-
mark). Respiration rate was presented as mL CO2 kg

−1 h−1.
2.16.3.3 Firmness. The rmness of the fruits was assessed

following the method in the literature.34 A texture analyzer
Sustainable Food Technol.
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(Agrosta Texture Analyser, Calib, France) equipped with a 5 mm
diameter probe penetrated the fruit at a speed of 1.0 mm s−1 to
a distance of 10 mm. The obtained data were recorded as the
maximum force in Newtons.

2.16.4 Physicochemical attributes
2.16.4.1 Color attributes. The color of the fruits was deter-

mined using a calibrated colorimeter (Konica Minolta Chroma
Meter CR-400, Osaka, Japan). In triplicate, the following
parameters were measured: L* (lightness/brightness), and
a* (red/green spectrum) values.44

2.16.4.2 Total soluble solids and pH. Tomato juice was
extracted from each treatment using a Salton juice extractor
(Brunswick, Canada). The pH of the juice was measured using
a pH meter, and total soluble solids were determined using
a digital refractometer (Atago, Tokyo, Japan) and expressed in °
Brix.42

2.16.5 Phytochemical analysis
2.16.5.1 Ascorbic acid content. The ascorbic acid (AA)

content in the tomato juice was measured following the method
in the literature.45 In brief, 1 mL of fruit juice was combined
with 4mL of 1%metaphosphoric acid and sonicated for 10min.
Then, about 50 mL of the resulting clear supernatant was mixed
with 200 mL of 2,6-dichlorophenolindophenol (dye), transferred
to a 96-well microplate, and incubated at room temperature for
30 min. Aer incubation, the absorbance values were measured
at 515 nm. L-Ascorbic acid was used as a reference to construct
a standard curve for quantifying the ascorbic acid content in
each sample. The results were expressed as micrograms of
ascorbic acid equivalent per mL of cherry tomato juice (mg AAE
mL−1).

2.16.5.2 Total lycopene content. The total lycopene content
of the tomato juice was quantied following the method in the
literature with some changes.46 Approximately 1 mL of fruit
juice was homogenized with ethanol and hexane (1 : 1) con-
taining 0.02% 2,6-di-tert-butyl-4-methylphenol (BHT). The
resulting mixture was sonicated for 10 min under the following
conditions: frequency of 50 Hz, temperature of 25 °C, and power
of 500 W. Subsequently, the absorbance was measured at
470 nm using a UV-Vis spectrophotometer in a dark
environment.
2.17 Statistical analysis

One-way analysis of variance (ANOVA) was used to analyze the
obtained data for lm characterization using STATISTICA
Table 1 Color attributes of OFIM-based films incorporated with cellulo

Film samples L* a

OFIM/CNF 49.27 � 0.71b 0
OFIM/CNF/ZnO (0.2%) 50.57 � 0.43ab 0
OFIM/CNF/ZnO (0.4%) 51.47 � 0.28a 0
OFIM/CNF/ZnO (0.6%) 52.13 � 0.32a 0

a Mean values with their corresponding ± standard deviation (n = 3). N
signicant differences within the same column, as determined by Dunca
CNF: cellulose nanober; ZnO: zinc oxide NPs.

Sustainable Food Technol.
soware (STATISTICA 14.0, TIBCO, Tulsa, OK, United States),
with Duncan's multiple tests to depict the signicant difference
(p < 0.05). Microso Excel (Microso Corporation v13.0,
Washington, DC, USA) was therefore used for graphical
presentation. The data collected for postharvest application
were analyzed using statistical soware (GenStat 20th Edition,
VSN International, Hemel Hempstead, UK) using analysis of
variance (ANOVA). Duncan's multiple range test was used to
separate the mean values using the least signicant difference
at 5% signicant level.
3 Results and discussion
3.1 Color attributes

Color is a crucial parameter in choosing a suitable food pack-
aging material, as it inuences both the consumer preference
and the product's visual appearance.47 The color attributes (L*,
a*, and b*) and the total color difference (DE) of the nano-
composite lm are presented in Table 1. Noticeable changes in
the color properties of the lms were observed, as shown in
Fig. 1, upon incorporating ZnO NPs into OFIM-based lm
matrix. As the concentration of ZnO NPs increased, a slight yet
statistically signicant increase in L* (lightness) values (p <
0.05) was observed, with the highest L* value (52.13 ± 0.32)
recorded with OFIM/CNF/ZnO (0.6%), compared to the control
lm (49.27 ± 0.71). This increase in lightness can be attributed
to enhanced light reection, which plays a crucial role in
shielding and protecting food products that are susceptible to
oxidation or light exposure.48 Regarding the a* values (green/
red), they remained consistently low across all lm formula-
tions; however, a marginal increase was observed in the OFIM/
CNF/ZnO (0.4%) lm, resulting in an a* value of 0.93 ± 0.12,
indicating a slight shi in coloration relative to the control lm.
On the other hand, the b* values (blue/yellow) varied across the
formulations, increasing with higher ZnO concentrations, with
the OFIM/CNF/ZnO (0.4%) lm exhibiting the highest b* value
(8.57 ± 0.20), indicating enhanced yellow coloration. This
observation may be due to the inherent off-white hue of ZnO
NPs. Overall, a signicant variation in total color difference (DE)
between the OFIM/CNF lms and those nanocomposite lms
was observed, with the OFIM/CNF/ZnO (0.6%) lm exhibiting
the greatest DE (3.00). This value exceeds the perceptibility
threshold, indicating visibly detectable changes relative to the
control, as shown in Fig. 1. A similar observation was reported
se nanofiber and various concentrations of ZnO nanoparticlesa

* b* DE

.60 � 0.06b 6.80 � 0.50c 1.04 � 0.31b

.30 � 0.06c 5.43 � 0.12d 1.99 � 0.23ab

.93 � 0.12a 8.57 � 0.20a 1.85 � 0.94ab

.67 � 0.03b 7.63 � 0.27b 3.00 � 0.37a

umerical values with different superscript letters indicate statistically
n's multiple range test (p < 0.05). OFIM: Opuntia cus-indica mucilage;

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Visual appearance of OFIM-based films incorporated with different concentrations of ZnO NPs. OFIM: Opuntia ficus-indica mucilage;
CNF: cellulose nanofiber; ZnO: zinc oxide NPs. Notes: (A) OFIM/CNF, (B) OFIM/CNF/ZnO (0.2%), (C) OFIM/CNF/ZnO (0.4%) and (D) OFIM/CNF/
ZnO (0.6%).
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in the study conducted by Foghara et al.49 which involved the
incorporation of ZnO NPs into a basil seedmucilage biopolymer
matrix.
3.2 Moisture content and water solubility

Moisture content (MC) in food packaging materials is impor-
tant for preserving andmaintaining the quality of food products
by limiting unwanted moisture transfer, which can result in
food spoilage and stimulate microbial growth.50 A higher MC
value (39.70 ± 4.76%) was recorded at OFIM/CNF/ZnO (0.2%)
lm, which may be attributed to the hydrophilic nature of ZnO
NPs at low concentrations, which increases water-binding
capacity like the report by Leta et al.6 However, at higher
loading, OFIM/CNF/ZnO (0.4% and 0.6%) nanocomposite lms
returned to the similar level to the control lm as observed in
Table 2, suggesting that the interaction of the ZnO–polymer
created a denser network at higher loading, reducing the water
absorption properties. In contrast, no statistical difference was
observed in water solubility (WS) across all lm formulations (p
> 0.05), which ranged from 82.32% to 85.41%. The high WS is
attributed to the strong moisture affinity of OFIM due to its
hydrophilic properties and the signicant presence of OH−
© 2026 The Author(s). Published by the Royal Society of Chemistry
groups on the polysaccharide chains. Similar ndings were re-
ported by Mkhari et al.8 who found that OFIM with cellulose
nanobers showed the lowest water solubility at 11.52%. In
contrast, the lms incorporated with encapsulated beetroot
powder exhibited signicantly higher water solubility, reaching
56.15%, which is attributed to the hydrophilic nature of the
mucilage.
3.3 Water vapor transmission rate

The water vapor transmission rate (WVTR) of the lms is pre-
sented in Table 2. The WVTR of the control lm (OFIM/CNF)
was 1.03 × 10−7 g mm−1 h−1, with no signicant change
observed upon incorporation of 0.2% and 0.4% ZnO NPs.
However, a signicant increase was observed at a higher ZnO
NP concentration, recorded as 1.93 × 10−7 g mm−1 h−1. This
trend aligns with other reports in the literature such as those by
Petchwattana et al.51 who observed that low nanoparticle
concentrations oen enhance barrier properties by creating
a more tortuous vapor diffusion pathway, and higher loading
may have a converse effect. Marra et al.52 attributed such
converse increases to the formation of additional free volume at
the polymer–nanoparticle interface, facilitating polar water
Sustainable Food Technol.
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Table 2 Moisture content, water solubility, and water vapor transmission rate of OFIM-based films incorporated with cellulose nanofiber and
various concentrations of ZnO nanoparticlesa

Film samples MC (%) WS (%) WVTR (×10−7 g mm−1 h−1)

OFIM/CNF 24.13 � 2.91b 83.76 � 1.70a 1.03 � 0.12b

OFIM/CNF/ZnO (0.2%) 39.70 � 4.76a 82.34 � 3.29a 1.03 � 0.01b

OFIM/CNF/ZnO (0.4%) 25.76 � 1.63b 82.30 � 3.03a 1.21 � 0.32b

OFIM/CNF/ZnO (0.6%) 23.94 � 0.20b 85.41 � 0.33a 1.93 � 0.18a

a Mean values with their corresponding ± standard deviation (n = 3). Numerical values with different superscript letters indicate statistically
signicant differences within the same column, as determined by Duncan's multiple range test (p < 0.05). OFIM: Opuntia cus-indica mucilage;
CNF: cellulose nanober; ZnO: zinc oxide NPs, (MC): moisture content, WS: water solubility and WVTR: water vapour transmission rate.

Table 3 Tensile strength and thickness of OFIM-based films incor-
porated with cellulose nanofiber and various concentrations of ZnO
nanoparticlesa

Film samples TS (MPa) Thickness (mm)

OFIM/CNF 55.95 � 16.06b 0.13 � 0.01b

OFIM/CNF/ZnO (0.2%) 100.61 � 15.14a 0.17 � 0.02b

OFIM/CNF/ZnO (0.4%) 108.35 � 5.97a 0.18 � 0.05ab

OFIM/CNF/ZnO (0.6%) 119.28 � 7.48a 0.23 � 0.02a

a Mean values with their corresponding ± standard deviation (n = 3).
Numerical values with different superscript letters indicate
statistically signicant differences within the same column, as
determined by Duncan's multiple range test (p < 0.05). OFIM: Opuntia
cus-indica mucilage; CNF: cellulose nanober; ZnO: zinc oxide, TS:
tensile strength.
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molecule transport. Consequently, the varying impacts of ZnO
NPs on the WVTR properties of the lms can be attributed to
several factors, including ller concentration, polymer type, and
the compatibility of the ller with the polymer matrix. Filler
concentration is known to signicantly affect the WVTR prop-
erties of nanocomposite lms.53 Generally, theWVTR properties
of composite lms decrease with the incorporation of low
amounts of nanoller, as high ller concentrations can lead to
agglomerated structures, causing uneven dispersion of the
nanoller in the polymer matrix.53,54 Overall, the higher WVTR
value observed in the OFIM/CNF/ZnO (0.6%) lm likely
emerged from the heterogeneous dispersion of NPs in the
mucilage matrix due to aggregation and possible microcracks,
which may be revealed in the microscopic analysis. Further
optimization of nanoparticle loading and dispersion strategies
may therefore be necessary to achieve an improved balance
between antimicrobial functionality and barrier performance in
OFIM-based nanocomposite lms.

3.4 Mechanical properties

3.4.1 Tensile strength. Mechanical properties are a critical
parameter to assess the strength, exibility, and stiffness of
lms, indicating the ability to maintain the structural integrity
during production and transportation.55 The tensile strength
(TS) of the nanocomposite lms serves as a fundamental
measure of mechanical properties, reecting the material's
capacity to withstand axial loads without failure.56 The TS of the
nanocomposite lms was signicantly improved upon incor-
porating ZnO NPs, increasing from 55.95 ± 16.06 MPa to 119.28
± 7.48 MPa. Similar ndings have been reported in other
studies, where the incorporation of ZnO NPs into alginate,57 soy
protein isolate,58 and gelatin59 lms resulted in enhanced TS. An
increase in the TS of the lms, particularly at higher concen-
trations of ZnO NPs can be attributed to an even distribution
and strong electrostatic and/or hydrogen bond interactions
between the NPs and the polymer matrix.60 Another possible
mechanism is the lling of voids within the polymer matrix,
which reduces exibility and movement while improving crys-
tallinity.61 Furthermore, the results showed that a hybrid of CNF
and ZnO NPs contributes to the improved mechanical proper-
ties of the nanocomposite lms, rendering them suitable for
packaging applications.62

3.4.2 Thickness. Thickness is an important parameter to
determine the mechanical properties of the lms. It inuences
Sustainable Food Technol.
stress distribution and molecular arrangement within the
material, signicantly affecting mechanical properties like
tensile strength, elongation at break, and exibility.56 The ob-
tained data for themeasured thickness are presented in Table 3.
The thickness of the lms was signicantly enhanced by
incorporating ZnO (p < 0.05), with the highest observed
maximum value found to be 0.23 ± 0.02 mm for the OFIM/CNF/
ZnO (0.6%) lm, signicantly greater than that of the control
lm (0.13 ± 0.01 mm). This increase can likely be attributed to
the observed surface roughness of the nanocomposite lms
resulting from discrete nanoparticle aggregation, as evidenced
by SEM analysis. Similarly, Ortega et al.63 reported comparable
results, suggesting that the increased lm thickness led to
nanoparticle agglomeration and a higher total solid content in
the lm formulation containing ZnO incorporated into
a banana powder matrix. Mohammadi et al.64 also reported
similar results when incorporating ZnO and carboxymethyl
cellulose in an okra mucilage matrix.

It is worth noting here that the current study focused on
tensile strength and lm thickness as key indicators of
mechanical performance and structural integrity in food pack-
aging. The changes observed in tensile strength, along with
supportive morphological (SEM), structural (XRD), and inter-
action (FTIR) analyses, provide clear evidence of improved
reinforcement and lm stability with the addition of CNF and
ZnO. Although factors like elongation at break and elastic
modulus would provide more insight into lm exibility and
stiffness, these were not part of this study. Future research will
© 2026 The Author(s). Published by the Royal Society of Chemistry
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include a broader mechanical evaluation to better characterize
the deformation behavior and exibility of the lms.

3.5 Light transmittance and opacity

3.5.1 Light transmittance. The assessment of light trans-
mittance evaluates the capacity of the lm to preserve the
product while controlling light exposure that could cause
quality degradation in packaged foods.65 It was observed that
the light transmittance capacity decreased with increasing
concentrations of ZnO NPs due to greater absorption of visible
light and fewer photons present in the free path.61 At 800 nm,
light transmittance decreased from 11.62 ± 1.04% in the
control lm to 1.60 ± 0.30% and 2.43 ± 0.46% in the OFIM/
CNF/ZnO (0.4% and 0.6%) lms, respectively. Across the
entire wavelength range, all lms containing ZnO NPs exhibited
a similar pattern of reduced light transmittance, making them
suitable for packaging food products prone to oxygen degra-
dation due to UV light exposure.66 A similar trend was observed
with the incorporation of ZnO NPs into buckwheat starch
lms.67

3.5.2 Opacity. The opacity of the lms was signicantly
inuenced (p < 0.05) by the incorporation of ZnO as indicated in
Table 4. The control lm (OFIM/CNF) showed the lowest opacity
(10.30 ± 0.12), which was lower than the nanocomposite lms.
Conversely, OFIM/CNF/ZnO (0.4%) lm displayed the highest
opacity (15.74 ± 0.75). Comparably, the incorporation of ZnO
NPs in chitosan,68 konjac glucomannan/chitosan,69 and gelatin/
cellulose nanober matrices61 resulted in increased lm
opacity. Notably, a slight reduction in opacity was observed at
the higher nanoparticle loading; however, it remained greater
than that of the control lm.

3.6 Surface morphology

Surface morphology analysis is an essential study because it
shows how well the additional components, like the NPs,
disperse and/or integrate within the matrix of OFIM, which
consequently affects the resulting barrier, mechanical, and
overall functional properties.6 The micrograph obtained is
presented in Fig. 2. The control lm (OFIM/CNF) exhibited
homogeneity without visible cracks, characterized by a smooth
surface morphology, suggesting exceptional compatibility
between CNF and the OFIM lm matrix (Fig. 2a). However,
Table 4 Light transmittance (%) and opacity (600 nm) of OFIM-based film
ZnO nanoparticlesa

Film samples

Light transmittance (%)

400 � SD 500 � SD 600 �

OFIM/CNF 2.01 � 0.21a 4.45 � 0.43a 6.68
OFIM/CNF/ZnO (0.2%) 0.44 � 0.19b 1.35 � 0.30b 1.98
OFIM/CNF/ZnO (0.4%) 0.15 � 0.08b 0.79 � 0.14b 1.13
OFIM/CNF/ZnO (0.6%) 0.59 � 0.14b 1.26 � 0.25b 1.67

a Mean values are presented with their corresponding ± standard deviat
statistically signicant differences within the same column, as determine
mucilage; CNF: cellulose nanober; ZnO: zinc oxide NPs.

© 2026 The Author(s). Published by the Royal Society of Chemistry
incorporation of ZnO led to visible changes in the surface
morphology, particularly at higher concentrations. The OFIM/
CNF/ZnO (0.2%) lm remained smooth without visible cracks,
demonstrating an excellent nanoparticle dispersion. Similarly,
the OFIM/CNF/ZnO (0.4%) lm retained the smooth surface
trait but displayed few cracks, while the OFIM/CNF/ZnO (0.6%)
lm exhibited surface roughness due to discrete aggregation
and cracks embedded within the lm matrix. These distinct
morphological changes suggest effective integration of ZnO NPs
within the mucilage matrix. Previous studies have reported
comparable ndings regarding the incorporation of ZnO NPs
into a banana powder matrix,6 carboxymethyl cellulose–chito-
san–oleic acid lm matrix,70 basil seed mucilage–polyvinyl
alcohol composites71 and chitosan (CS)/polyvinyl alcohol (PVA)/
gelatin (GE) lm matrix.72 Additionally, a study conducted by
Darvish & Ajji73 identied a smooth and homogeneous surface
morphology in polyethylene lm matrices infused with ZnO
NPs, indicating effective interaction between the matrix and
NPs, which facilitates the uniform dispersion of the NPs,
particularly at lower concentrations.

Moreover, well-dispersed small white particles were observed
in all lm formulations. Although these particles (in the control
lm) visually resemble ZnO NPs, as reported in other studies,6,71

their appearance is attributed to the presence of trace elements
and starch granules found in natural biopolymers.48 The pres-
ence of starch granules was also observed in bio-composite
lms incorporated with carboxymethyl cellulose, mucilage,
and glycerol.48,74 This observation was further corroborated by
Energy Dispersive Spectroscopy (EDS) analysis (Fig. 3), which
revealed trace elements such as potassium (K), magnesium
(Mg), and phosphorus (P) in the control lm (OFIM/CNF).
Nevertheless, all nanocomposite lms (0.2%, 0.4%, and 0.6%
of ZnO) exhibited peaks for zinc and oxygen, conrming the
incorporation of ZnO alongside other existing trace elements
within the lm matrix. This nding aligns with the research
conducted by Biswas et al.48 which reported bio-composite lms
incorporating carboxymethyl cellulose, glycerol, and ZnO NPs
exhibiting rough surface morphology with uniformly dispersed
ZnO NPs and a lack of agglomeration. A similar surface struc-
ture of nanocomposite lms was observed with ZnO infusion,
such as carboxymethyl cellulose/ZnO NPs,75 and gelatin/ZnO
NPs.4
s incorporated with cellulose nanofiber and various concentrations of

Opacity (600 nm)SD 700 � SD 800 � SD

� 0.65a 9.09 � 0.86a 11.62 � 1.04a 10.30 � 0.12c

� 0.41b 2.55 � 0.53b 3.20 � 0.68b 13.47 � 1.30b

� 0.19b 1.35 � 0.24b 1.60 � 0.30b 15.74 � 0.75a

� 0.31b 2.05 � 0.38b 2.43 � 0.46b 10.86 � 0.18c

ion (n = 3). Numerical values with different superscript letters indicate
d by Duncan's multiple range test (p < 0.05). OFIM: Opuntia cus-indica
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Fig. 2 Microstructural traits of OFIM-based films incorporated with different concentrations of ZnO. OFIM:Opuntia ficus-indicamucilage; CNF:
cellulose nanofiber; ZnO: zinc oxide NPs. Notes: (A) OFIM/CNF, (B) OFIM/CNF/ZnO (0.2%), (C) OFIM/CNF/ZnO (0.4%) and (D) OFIM/CNF/ZnO
(0.6%).

Fig. 3 Elemental analysis of OFIM-based films incorporated with different concentrations of ZnO. OFIM: Opuntia ficus-indica mucilage; CNF:
cellulose nanofiber; ZnO: zinc oxide NPs. Notes: (A) OFIM/CNF, (B) OFIM/CNF/ZnO (0.2%), (C) OFIM/CNF/ZnO (0.4%) and (D) OFIM/CNF/ZnO
(0.6%).

Sustainable Food Technol. © 2026 The Author(s). Published by the Royal Society of Chemistry
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3.7 X-ray diffraction (XRD) patterns

XRD analysis was conducted to evaluate the crystallinity of the
formulated nanocomposite lms. As illustrated in Fig. 4, the
control lm (OFIM/CNF) and all nanocomposite lms exhibited
a broad diffraction band at 2q = 22°, attributed to the semi-
crystalline amorphous nature of biopolymers, particularly the
polysaccharide mucilage, consistent with other literature
reports.8,76 Specically, this observation aligns with previous
studies using natural biopolymers such as Plantago major L.
seed mucilage (PMSM)–polyvinyl alcohol (PVA) matrix and basil
seed mucilage (a heteropolysaccharide)–polyvinyl alcohol
matrix, with broad peaks around 2q of 21.6° and 20.6°,
respectively.71,76 Although previous studies found distinct crys-
talline diffraction peaks linked to the hexagonal wurtzite
Fig. 4 X-ray diffractogram of OFIM-based films incorporated with
different concentrations of ZnO. OFIM:Opuntia ficus-indicamucilage;
CNF: cellulose nanofiber; ZnO: zinc oxide NPs.

Fig. 5 The FTIR of rawmaterials used (A) and OFIM-based films incorpora
indica mucilage; CNF: cellulose nanofiber; ZnO: zinc oxide NPs.

© 2026 The Author(s). Published by the Royal Society of Chemistry
structure of ZnO nanoparticles when added to various
biopolymer matrices like carboxymethyl cellulose,75 banana
powder,6 basil seed mucilage with polyvinyl alcohol,71 Plantago
major L. seed mucilage with polyvinyl alcohol,76 and chia seed
mucilage,77 this study did not detect any clear diffraction peaks
for ZnO in the nanocomposite lms. Normally, ZnO shows
specic peaks corresponding to the hexagonal wurtzite struc-
ture (ICDD PDF No. 36-1451); however, these peaks were not
clearly dened in the XRD patterns of the OFIM-based lms.
The absence of discernible ZnO diffraction peaks may be
attributed to the relatively low nanoparticle loading and their
homogeneous dispersion within the OFIM/CNF matrix (below
the XRD detection limit), thereby masking ZnO crystalline
signals due to the predominantly amorphous nature of the lm
matrix.78 This observation further corroborated the nding in
the SEM analysis, which revealed well-dispersed nanoparticles
within the lm matrix characterized by a smooth surface
morphology. Similar behavior has been reported in ZnO-
containing biopolymer composites, where ZnO diffraction
peaks become weak, attenuated, or not distinctly detectable
because of low nanoparticle loading, dominant scattering from
the amorphous polymer matrix, peak overlap/masking, and
strong nanoparticle dispersion or interfacial interactions within
the lm network.79

3.8 Fourier transform infrared (FTIR) analysis

Fourier Transform Infrared (FTIR) analysis was conducted to
evaluate the structural interactions among ZnO NPs, OFIM, and
CNF. As depicted in Fig. 5, a similar spectral pattern was
observed across all lms, except for minor peaks at approxi-
mately 1746.78 and 1738.20 cm−1 present in the OFIM/CNF and
OFIM/CNF/ZnO (0.6%) lms, respectively. The spectral pattern
for the OFIM/CNF/ZnO (0.4%) lm wasmore comparable to that
of the OFIM/CNF/ZnO (0.2%) lm. Furthermore, upon
ted with different concentrations of ZnO NPs (B). OFIM:Opuntia ficus-
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incorporation of ZnO in the lm matrix, a slight reduction of
peak intensity was observed, particularly around 2921.78 and
2938.94 cm−1. However, no peak position changes were
observed, suggesting effective interaction of OFIM and ZnO
NPs. In addition, characteristic absorption peaks between 3324
and 3396.20 cm−1 attributed to O–H stretching vibrations were
found in the cellulose nanober andmucilage-basedmatrix.80–82

Peaks around 2918.92 and 2938.94 cm−1 correspond to C–H
stretching found in OFIM and CNF,8 while peaks between
1612.41 and 1746.78 cm−1 are attributed to C]O stretching,
possibly found in uronic acids and galactosyl polysaccharide
residues of OFIM.83 Other minor bands around 1026.34 and
1037.77 cm−1 correspond to C–O–C stretching vibrations of
polysaccharide chains.84 Comparable ndings were reported by
Hasheminya et al.,71 Emir et al.,85 and Biswas et al.48
Fig. 6 Antioxidant activity of OFIM-based films incorporated with
different concentrations of ZnO NPs. Notes: (A) ABTS, (B) DPPH, and
(C) FRAP. OFIM: Opuntia ficus-indica mucilage; CNF: cellulose
nanofiber; ZnO: zinc oxide NPs; ABTS – 2,20-azino-bis(3-ethyl-
benzothiazoline-6-sulfonic acid), DPPH – 2,2-diphenyl-1-picrylhy-
drazyl, FRAP – ferric reducing antioxidant power.
3.9 Biological properties

3.9.1 Antioxidant properties. Evaluating the antioxidant
properties of nanocomposite lms is crucial for packaging fresh
produce that is prone to oxidation, thus prolonging their shelf
life.5 In this study, three antioxidant assays (ABTS+, DPPH, and
FRAP) were used to assess the antioxidant activity and antioxi-
dant capacity of OFIM-based lms compared to the positive
control (ascorbic acid). Across all assays, ascorbic acid signi-
cantly outperformed all OFIM-based lms. In the ABTS+ assay,
no signicant difference was observed among the nano-
composite lms (ranging from 63 to 68.57%); however, their
antioxidant potential remained higher than that of the control
lm (51.43%). Similarly, in the DPPH assay, the antioxidant
activity of the nanocomposite lms was higher than that of the
control lm, with the OFIM/CNF/ZnO (0.2%) lm showing the
highest inhibition. This pattern demonstrates that although
ZnO NPs contribute to free radical scavenging, the potential can
be affected by nanoparticle agglomeration or interactions with
the polymer matrices, particularly at higher quantities. More-
over, FRAP results supported the antioxidant potential of the
nanocomposite lms, showing a concentration-dependent
pattern, with reducing power ranging from 0.39 to 0.49 mM
TE mg−1, compared with the control lm, which exhibited
0.30 mM TE mg−1. These results are comparable to those re-
ported by Leta et al.6 where ZnO NPs were incorporated into
a banana powder matrix, resulting in FRAP values ranging from
2.05 to 2.35 mM TE mL−1 DM, 58.69 to 75.60% inhibition for
DPPH, and 65.19 to 76.14% for ABTS+. Similarly, Hajji et al.86

observed a concentration-dependent antioxidant effect in chi-
tosan–poly(vinyl alcohol) lms embedded with silver nano-
particles, with DPPH inhibition ranging from 34.96 to 57.08%
and FRAP values (OD700 nm) ranging from 0.12 to 0.50 (Fig. 6).

3.9.2 Antimicrobial properties. Assessing antimicrobial
activity is crucial for active food packaging materials to prolong
the shelf life of food products by inhibiting microbial prolifer-
ation.87 Hence, antimicrobial properties of OFIM-based lms
infused with various concentrations of ZnO NPs were assessed
against Staphylococcus aureus, Escherichia coli, Listeria mono-
cytogenes, and Candida albicans utilizing the agar disc diffusion
method. The obtained results are presented in Table 5, and the
Sustainable Food Technol.
various images depicting the zones of inhibition for each tested
microbe are shown in Fig. 7. The control lm (OFIM/CNF) and
all nanocomposite lms showed antimicrobial activity against
all tested bacteria, as OFIM has also been reported to exhibit
inhibitory activity against common food-borne pathogens due
to its polyphenol content.88 Previous studies have reported that
OFIM has appreciably inhibited the growth of food-borne
pathogens such as Escherichia coli, Staphylococcus aureus,
Pseudomonas uorescens, and Salmonella typhimurium.88,89 For
Staphylococcus aureus, no statistically signicant difference (p >
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Antimicrobial properties of OFIM-based films incorporated with cellulose nanofiber and various concentrations of ZnO nanoparticlesa

Film samples

Zone of inhibition (mm)

S. aureus ATCC 29213 E. coli ATCC 35218 L. monocytogenes ATCC 7644 C. albicans ATCC 14053

Neomycin 7.00 � 0.58b 9.67 � 0.33a 9.67 � 0.88b ND
Voriconazole — — — 30.85 � 0.44
OFIM/CNF 12.00 � 0.33a 9.67 � 0.33a 15.67 � 1.00a ND
OFIM/CNF/ZnO (0.2%) 11.33 � 0.33a 8.33 � 0.33b 15.00 � 1.00a ND
OFIM/CNF/ZnO (0.4%) 12.00 � 1.0a 9.33 � 0.33ab 17.33 � 1.33a ND
OFIM/CNF/ZnO (0.6%) 12.00 � 1.15a 10.00 � 0.58a 17.67 � 1.76a ND

a Mean values with their corresponding ± standard deviation (n = 3). Numerical values with different superscript letters indicate statistically
signicant differences within the same column, as determined by Duncan's multiple range test (p < 0.05). OFIM: Opuntia cus-indica mucilage;
CNF: cellulose nanober; ZnO: zinc oxide NPs; ND: no inhibition detected, –: not tested.

Fig. 7 Images illustrating the antimicrobial activity of OFIM-based films, shown by various zones of inhibition. Notes: (1) OFIM/CNF/ZnO (0.2%),
(2) OFIM/CNF/ZnO (0.4%), (3) OFIM/CNF/ZnO (0.6%), (4) Blank, (5) neomycin/voriconazole (positive control), (6) OFIM/CNF. OFIM: Opuntia
ficus-indica mucilage; CNF: cellulose nanofiber; ZnO: zinc oxide NPs.
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0.05) was observed upon incorporation of ZnO NPs, with the
zone of inhibition ranging from 11.33 to 12.00 mm. For
Escherichia coli, a slight decrease in inhibitory activity was
observed at OFIM/CNF/ZnO (0.2%) lm (8.33 mm), which was
signicantly lower than the control lm (9.67 mm); however,
the inhibitory activity improved at higher concentrations,
particularly at OFIM/CNF/ZnO (0.6%) (10 mm), although the
difference compared to the control lm was not statistically
signicant (p > 0.05). Moreover, the results showed that Listeria
monocytogenes was the most susceptible to all lm formula-
tions, with no statistically signicant differences observed
between the control lm and the nanocomposite lms (p >
0.05); the zone of inhibition ranged from 15.67 to 17.67 mm.
Thus, the overall pathogen susceptibility to the lm formula-
tions followed the order of Listeria monocytogenes (Gram-
positive) > Staphylococcus aureus (Gram-positive) > Escherichia
coli (Gram-negative). When compared with the positive control
(neomycin), the formulated lms showed comparable or
stronger inhibitory effects, especially against Gram-positive
bacteria at the same concentration. However, unlike the
tested bacterial strains, no inhibitory activity was observed
against Candida albicans in any of the lm formulations. In
their study, Sharma & Ghose90 reported that ZnO NPs exhibit
inhibitory activity against C. albicans through direct contact
with the cell membrane and disruption of the cell wall, ulti-
mately leading to cell death. Although antifungal effects were
© 2026 The Author(s). Published by the Royal Society of Chemistry
not observed, their strong antibacterial activity against common
food-borne pathogens increases their potential to prevent food
contamination91 and makes them suitable for food packaging,
while their limited antifungal activity requires the addition of
additional antifungal agents.

The variation in susceptibility of bacterial strains can be
attributed to the structural differences between Gram-positive
and Gram-negative bacteria92 with Gram-negative bacteria
(which have a thin peptidoglycan layer) being less susceptible
compared to Gram-positive bacteria (which have a multilayer
peptidoglycan). These nanoparticles can damage the patho-
gen's cell membrane and increase permeability, leading to the
accumulation of nanoparticles. This, in turn, leads to the
production of reactive oxygen species, which can inhibit
microbial growth or cause cell death.31 However, the precise
mechanism of action of ZnO remains vague and requires
further studies. These results agree with previous ndings:
composite lms exhibit more potent inhibitory activity against
Gram-positive bacteria than against Gram-negative
bacteria.6,61,93

It is important to note that the lm showed no antifungal
properties against Candida albicans; future studies should
further assess the antifungal activity of the developed lms
against other major postharvest fungal pathogens involved in
fresh produce spoilage, such as Botrytis cinerea, Alternaria spp.,
and Penicillium spp. Nevertheless, in this current state, the
Sustainable Food Technol.
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fabricated lms may still enhance food preservation through
their barrier properties, including reduced moisture loss and
limited oxygen transfer.
3.10 Release proling

The release kinetics of active compounds such as antioxidants
and antimicrobials are important for assessing the effectiveness
of active packaging in maintaining the safety and quality of
various foods during prolonged storage.94,95 Therefore, the
release behaviour of OFIM-based lms incorporated with
various concentrations of ZnO NPs was measured at 370 nm as
shown in Fig. 8. All lm formulations exhibited a biphasic
release prole,96 shown by an initial rapid release phase fol-
lowed by a more gradual decline phase. The maximum loading
efficacy of ZnO NPs in the nanocomposite lms was quantied
by dilution with dH2O. The maximum release observed at
approximately 9 h for all formulations is attributed to a diffu-
sion-controlled burst phase, driven by the fast swelling and
hydration of the hydrophilic OFIM/CNF matrix, which facilitate
the release of loosely bound ZnO NPs located near or at the lm
surface.97 Among the tested lms, the OFIM/CNF/ZnO (0.4%)
lm formulation exhibited the highest release efficacy, reaching
63.14% at 9 h, followed by a gradual decline from 12 to 24 h. In
contrast, the 0.2% lm showed lower release levels, while the
OFIM/CNF/ZnO (0.6%) lm exhibited a more pronounced
reduction aer 12 h. This decline is likely linked to nanoparticle
agglomeration and sedimentation, as observed in SEM micro-
graphs,98 or Zn2+ dissolution and subsequent re-adsorption into
the polymer matrix.99

The controlled release behaviour can be attributed to the
physicochemical characteristics of the OFIM/CNF matrix,
including hydrophilicity, crystallinity, porosity, and free volume
of polymer chain segments.100Matrices with higher porosity and
chain mobility promote rapid diffusion, while denser networks
restrict molecular movement and reduce release rates.100

Similar effects have been reported in cellulose acetate lms with
varied porosity101 and in hydroxypropyl methylcellulose
(HPMC)-based lms, which showed higher release of nisin due
to lower retention capacity compared to chitosan, PLA, or
Fig. 8 Release of ZnO from OFIM-based films. OFIM: Opuntia ficus-
indica mucilage; CNF: cellulose nanofiber; ZnO: zinc oxide NPs.

Sustainable Food Technol.
caseinate matrices.102 The balanced release prole observed in
the OFIM/CNF/ZnO (0.4%) lm suggests strong interfacial
interactions between the polymer chains and nanoparticles,
which enhance the tortuosity of the diffusion path release.103

This concentration therefore appears optimal, providing
a controlled and sustained release of active compounds suitable
for prolonging shelf life. Hence, the stability of ZnO nano-
particles in the OFIM/CNF/ZnO (0.4%) lm is attributed to
interfacial interactions and hydrogen bonding between
hydroxyl-rich CNF and ZnO surfaces, which enhance nano-
particle immobilisation, reduce early diffusion, and regulate
release behaviour.97,104 These interactions strengthen the
composite structure, while molecular-level mechanisms could
be further explored using Density Functional Theory (DFT)
simulations in future studies.105
3.11 Evaluation of cherry tomato quality

3.11.1 Physiological properties
3.11.1.1 Weight loss. Weight loss serves as an indicator of

tomato freshness and reects the effectiveness of the applied
coatings in delaying ripening and preserving quality.106 As
shown in Fig. 9, weight loss of the tomatoes increased
progressively during the storage period across all treatments.
However, the application of OFIM-based coatings signicantly
reduced weight loss (p < 0.001) compared to the uncoated
control, where weight loss increased sharply from 3.90% to
21.51% between 2 d and 12 d (end of storage). In contrast, the
coated tomatoes exhibited lower weight loss, increasing from
2.62%, 3.90%, and 1.88% to 16.64%, 17.44%, and 14.24% for
OFIM, OFIM/CNF, and OFIM/CNF/ZnO (0.4%), respectively,
over the same period. The reduction in weight loss in coated
tomatoes can be attributed to the ability of the coatings to form
a semipermeable barrier against solute movement, moisture,
CO2, and O2, thereby reducing respiration and transpiration
rates.107,108 Notably, OFIM/CNF/ZnO (0.4%) outperformed both
OFIM and OFIM/CNF, which may be attributed to the
Fig. 9 The influence ofOpuntia ficus-indicamucilage-based coatings
on the weight loss of cherry tomatoes stored at ambient temperature
(23 ± 2 °C). Vertical bars represent the standard errors of the mean
values. T: treatment; ST: storage time; T* ST: interaction between
treatment and storage time. OFIM: Opuntia ficus-indica. CNF: cellu-
lose nanofiber. ZnO: zinc oxide NPs.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Visual appearance of cherry tomatoes treated with OFIM-based coatings and of uncoated fruits at various storage periods. The circles
indicate noticeable shrinkage observed in the cherry tomatoes.
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antimicrobial efficacy of ZnO NPs in minimizing carbon loss
associated with respiration.109 Similar results were observed
with chitosan-based coatings incorporated with ZnO NPs,
which delayed the weight loss of cherry tomatoes compared to
chitosan alone.110 The visual quality changes of cherry tomatoes
at various storage periods are illustrated in Fig. 10, with the
control fruits showing noticeable shrinkage at the end
compared to the coated fruits.

3.11.1.2 Respiration rate. Respiration rate is an important
parameter to assess quality during postharvest storage, as it
reects the metabolic status of the stored commodity.111

Throughout the storage period, the respiration rate of cherry
tomatoes uctuated signicantly (p < 0.05). From harvest to 2 d,
the respiration rate decreased, then increased up to 4 d, with
OFIM/CNF showing the highest rate (17.33 mL CO2 kg−1 h−1),
followed by the control (14.67 mL CO2 kg−1 h−1), OFIM
(13.33 mL CO2 kg

−1 h−1), and OFIM/CNF/ZnO (0.4%) (10.67 mL
Fig. 11 The influence of Opuntia ficus-indica mucilage-based coat-
ings on the respiration rate of cherry tomatoes stored at ambient
temperature (23 ± 2 °C). Vertical bars represent the standard errors of
the mean values. T: treatment; ST: storage time; T* ST: interaction
between treatment and storage time. OFIM: Opuntia ficus-indica.
CNF: cellulose nanofiber. ZnO: zinc oxide NPs.

© 2026 The Author(s). Published by the Royal Society of Chemistry
CO2 kg
−1 h−1). By 6 d, the control, OFIM, and OFIM/CNF/ZnO

(0.4%) showed comparable respiration rates, while OFIM/CNF
remained higher. Despite some uctuations, the control
maintained the highest respiration rate throughout storage,
peaking at 24.89 mL CO2 kg−1 h−1, compared to the coated
tomatoes. This reects the effectiveness of the coatings,
particularly OFIM and OFIM/CNF/ZnO (0.4%), in signicantly
suppressing respiration. Among the coatings, OFIM/CNF/ZnO
(0.4%) consistently exhibited the lowest respiration rate, likely
due to its ability to efficiently mask the lenticels of the tomatoes
and minimize gaseous exchange, attributed to enhanced gas
barrier properties and improved membrane structure109

compared to OFIM alone and OFIM/CNF. These ndings are
comparable to those reported by Hammam et al.,83 who re-
ported that alginate-based coatings infused with ZnO NPs
delayed the respiration rate of ‘Kiett’ mangoes stored at 13 °C
for 28 days. The ZnO NP-infused coatings also maintained this
effect during an additional 7 days of postharvest shelf life at
ambient temperature, outperforming alginate coating alone
and the control (uncoated) fruits (Fig. 11).

3.11.1.3 Firmness. The rmness of both coated and
uncoated cherry tomatoes signicantly decreased (p < 0.001)
throughout the storage period (Fig. 12). However, rmness was
not signicantly inuenced by the interaction between storage
period and treatments (p > 0.05), and no signicant differences
were observed among the treatments (p > 0.05). The soening of
the tomatoes during storage can be attributed to cell wall
degradation caused by enzymes such as pectin methylesterase,
polygalacturonase, cellulase, and galactosidase.112,113 These
enzymes compromise the structural integrity of the cells,
disrupt the cell membrane, and lead to the leakage of cellular
contents, consequently facilitating tissue damage.114 Further-
more, the higher respiration rate and greater weight loss
observed in the uncoated tomatoes throughout storage likely
accelerated tissue soening, whereas the OFIM-coated toma-
toes, specically OFIM/CNF/ZnO (0.4%) coating, exhibited
Sustainable Food Technol.
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Fig. 12 The influence of Opuntia ficus-indica mucilage-based coat-
ings on the firmness of cherry tomatoes stored at ambient tempera-
ture (23± 2 °C). Vertical bars represent the standard errors of themean
values. T: treatment; ST: storage time; T* ST: interaction between
treatment and storage time. OFIM: Opuntia ficus-indica. CNF: cellu-
lose nanofiber. ZnO: zinc oxide NPs.
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a slight decline in rmness, attributed to reduced respiration
rate.110,115 Similarly, Leta et al.42 reported a decline in pome-
granate aril rmness in both banana powder-coated and
uncoated groups throughout the storage period. Notably,
banana powder-based coatings enriched with ZnO NPs effec-
tively preserved aril rmness over 21 days when compared to
banana-based coatings with CNF and the uncoated arils.

3.11.2 Physicochemical attributes
3.11.2.1 Color attributes. Color change is a key indicator of

ripening in produce and is oen used by consumers to assess
product quality.34 Signicant uctuations (p < 0.05) were
observed in the L* values (brightness) across the storage period,
as illustrated in Fig. 13A. Tomatoes coated with OFIM/CNF/ZnO
(0.4%) maintained higher L* values until the end of storage,
peaking at 28.99 on Day 4. This nding suggests a slower
decline in the red coloration of the tomatoes compared to the
control, OFIM, and OFIM/CNF treatments. For the a* values
(Fig. 13B), a signicant increase (p < 0.001) was observed with
prolonged storage, regardless of treatment. However, no
signicant differences were found among treatments (p > 0.05).
Typically, the a* value (redness) of cherry tomatoes increases
during storage, reecting the accumulation of lycopene, the
primary pigment responsible for their characteristic red color-
ation.116 Similarly, Venu et al.117 also reported an increase in
a* (redness) of cherry tomatoes packaged with poly(3-
hydroxybutyrate)/grapeseed oil/MgO nanocomposite pack-
aging, attributed to its potential antioxidant effects, which
efficiently inhibited lycopene degradation during postharvest
storage.

3.11.2.2 Total soluble solid content and pH. The total soluble
solids (TSS) of all treatments signicantly increased with
storage period (Fig. S2 in the SI). Although a signicant inter-
action between the main factors was observed (p < 0.001), the
coated cherry tomatoes exhibited a delay in TSS accumulation
compared to the control group. At the end of the storage period,
higher TSS was recorded for the control fruits, reaching 7.63 °
Brix, followed by OFIM/CNF (7.03 °Brix), OFIM (6.93 °Brix), and
OFIM/CNF/ZnO (0.4%) (5.87 °Brix), indicating variations in the
Sustainable Food Technol.
ripening rate of the tomatoes. The greater TSS accumulation in
uncoated tomatoes could be attributed to rapid metabolic
activities such as transpiration and respiration, which promote
faster ripening of fresh produce.118 Additionally, the increase is
likely due to the hydrolysis of carbohydrates, resulting in sugar
production during storage.113,118 In contrast, themaintained TSS
in coated tomatoes, particularly in OFIM/CNF/ZnO (0.4%),
could be attributed to the ability of the coatings to inhibit the
conversion of complex polysaccharides into simple sugars.107

Similar ndings were reported by Hmmam et al.119 where
mangoes coated with ZnO NP-enriched alginate coatings
exhibited a reduced decline in total sugar content compared to
uncoated fruits during 28 days of storage at room temperature.
Likewise, Buthelezi110 also reported that uncoated cherry
tomatoes exhibited higher accumulation of total and reducing
sugars compared to those coated with chitosan-based coatings
enriched with ZnO.

The pH of both coated and uncoated cherry tomatoes
signicantly increased with storage period. As shown in Fig. S3
in the SI, on 2 d, the control group exhibited a lower pH
compared to the coated cherry tomatoes, and this trend per-
sisted from 2 d to 10 d. The comparatively higher pH observed
in coated tomatoes during this period could be attributed to
differences in metabolic activity, particularly the utilization of
organic acids as substrates for respiration during ripening.42 At
the end of the storage period (12 d), the lowest pH was recorded
in cherry tomatoes coated with OFIM/CNF/ZnO (0.4%) (4.12)
and OFIM (4.14). These ndings suggest that the coatings,
particularly OFIM/CNF/ZnO (0.4%), effectively delayed meta-
bolic processes during storage, thereby reducing the conversion
of organic acids into sugars and slowing down the senescence
process.120

3.11.3 Phytochemical analysis
3.11.3.1 Ascorbic acid and total lycopene content. Ascorbic

acid content is a crucial parameter for assessing fruit quality
and antioxidative stress effects. An increased ascorbic acid
content corresponds to a higher nutritional value of fruits and
greater antioxidative potential.121 The ascorbic acid (AA) content
of all treatments uctuated signicantly during the storage
period (p < 0.001). As shown in Fig. 14A, at the end of the storage
period, tomatoes coated with OFIM/CNF/ZnO(0.4%) and OFIM/
CNF exhibited the highest AA contents of 93.00 mg AAE mL−1

and 90.17 mg AAE mL−1, respectively, followed by OFIM (82.45
mg AAE mL−1), while the lowest AA content was observed in the
control group (76.77 mg AAE mL−1). The pronounced decline in
AA content in control tomatoes between 8 d and 12 d could be
attributed to natural ripening and senescence of the toma-
toes.122 Additionally, this decrease may result from the conver-
sion of AA to dehydroascorbic acid by AA oxidase.109 The
availability of O2 in respiring tomato tissues can inuence AA
concentration,122 thus, the observed decline in AA content in
uncoated tomatoes could be due to oxygen availability and the
susceptibility of AA to enzymatic and chemical oxidation. A
similar nding was reported by Dulta et al.109 where orange
fruits coated with an alginate–chitosan-based coating incorpo-
rated with ZnO NPs showed a greater gradual increase (33.76%),
particularly on day 15, compared to uncoated fruits (12.30%).
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 The influence ofOpuntia ficus-indicamucilage-based coatings on the lightness (A) and redness (B) of cherry tomatoes stored at ambient
temperature (23± 2 °C). Vertical bars represent the standard errors of themean values. T: treatment; ST: storage time; T* ST: interaction between
treatment and storage time. OFIM: Opuntia ficus-indica. CNF: cellulose nanofiber. ZnO: zinc oxide NPs.
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Fig. 14 The effect of Opuntia ficus-indica mucilage-based coatings on the ascorbic acid (A) and total lycopene content (B) of cherry tomatoes
stored at ambient temperature (23 ± 2 °C). Vertical bars represent the standard errors of the mean values. T: treatment; ST: storage time; T* ST:
interaction between treatment and storage time. OFIM: Opuntia ficus-indica. CNF: cellulose nanofiber. ZnO: zinc oxide NPs.
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As shown in Fig. 14B, no signicant differences were
observed between treatments and storage time (p > 0.05). The
lack of signicant variation in lycopene content (responsible for
the red color) regardless of treatment throughout the storage
Sustainable Food Technol.
period may be attributed to the similarly non-signicant
changes observed in color (a* values) between coated and
uncoated tomatoes.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.12 Discussion summary using radar analysis

The overall assessment of treatment efficacy is presented
through a qualitative radar analysis, as illustrated in Fig. S4 in
the SI, which incorporates all key physiological and biochemical
indicators measured throughout the storage period. A normal-
ized scoring system, ranging from 0 to 1, was developed based
on the observed performance trends, with 0 indicating the
weakest performance and 1 representing the strongest. In
summary, the OFIM/CNF/ZnO (0.4%) formulation demon-
strated superior performance, consistently maintaining high
structural integrity, color, reduced weight loss, diminished
respiration rates, and optimal retention of essential phyto-
chemicals. This visualization effectively provides a concise
summary of the efficacy of the OFIM/CNF/ZnO (0.4%) nano-
composites, identifying them as the optimal coating formula-
tion for extending the shelf life of cherry tomatoes.
4 Conclusion

This investigation demonstrated that OFIM-based nano-
composite coatings can effectively maintain the postharvest
quality of cherry tomatoes under ambient conditions. The
incorporation of ZnO and CNF enhanced the physicochemical,
mechanical, and biological characteristics of the lms, vali-
dating the potential of OFI by-products as sustainable raw
materials for active food packaging. ZnO NPs improved the
lms' light barrier and opacity properties, reduced UV-visible
transmittance, and increased tensile strength. Although water
vapor transmission rate slightly increased at higher concen-
trations due to aggregation, XRD and FTIR conrmed strong
molecular interactions between ZnO NPs, CNF, and OFIM, and
SEM-EDS showed uniform dispersion at moderate loadings.
The ZnO-incorporated lms exhibited enhanced antioxidant
and antimicrobial properties, with substantial inhibition of
Staphylococcus aureus, Listeria monocytogenes, and Escherichia
coli, comparable to neomycin, underscoring their suitability for
antimicrobial packaging applications. When applied as edible
coatings on cherry tomatoes, the optimized OFIM/CNF/ZnO
(0.4%) formulation delayed postharvest deterioration by
reducing weight loss, respiration rate, and nutrient degradation
while maintaining higher ascorbic acid and lycopene contents.
Overall, OFIM/CNF/ZnO (0.4%) lms represent a biodegradable,
sustainable alternative to petroleum-based packaging. The dual
valorization of Opuntia mucilage and peel waste for this study
underscores a circular bioeconomy approach that transforms
agricultural residues into high-value materials, aligning with
sustainable development goals 2, 3, 9, 12, and 13.
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109 K. Dulta, G. Koşarsoy Ağçeli, A. Thakur, S. Singh,
P. Chauhan and P. K. Chauhan, Development of alginate-
chitosan based coating enriched with ZnO nanoparticles
for increasing the shelf life of orange fruits (Citrus
sinensis L.), J. Polym. Environ., 2022, 30, 3293–3306.

110 N. M. D. Buthelezi, Chitosan–zinc oxide nanoparticle
composite coatings preserve postharvest quality of
‘Rosada’ cherry tomato, HortScience, 2025, 60, 613–623.

111 S. Mwelase and O. A. Fawole, Effect of Chitosan-24-
Epibrassinolide Composite Coating on the Quality
Attributes of Late-Harvested Pomegranate Fruit under
Simulated Commercial Storage Conditions, Plants, 2022,
11, 351.
Sustainable Food Technol.
112 X. Ruelas-Chacon, J. C. Contreras-Esquivel, J. Montañez,
A. F. Aguilera-Carbo, M. L. Reyes-Vega, R. D. Peralta-
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