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Fabrication andpostharvest application of
alginate/pullulan composite films
integrated with citral-loaded α-CD-MOFs
for sustainable cherry storage
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Cherries are highly susceptible to spoilage after harvest due to physiological and biochemical
changes. This poses considerable challenges to food safety. Common fungal pathogens responsible
for decay include Aspergillus niger and Cladosporium cladosporioides. Citral, an efficient antifungal
agent, is thought to combat these pathogens through interactions with phytase (phyA) and
N-myristoyltransferase (NMT), a hypothesis explored through molecular docking simulations. Using
the Independent Gradient Model based on Hirshfeld partition (IGMH) analysis, it was found that citral
encapsulated within α-cyclodextrin metal-organic frameworks (α-CD-MOFs) forms strong van der
Waals forces and exhibits hydrogen bonding. These interactions enhance the stability of the
composite material. Incorporating citral-loaded α-CD-MOFs into a matrix of sodium alginate and
pullulan resulted in a novel composite film. This film exhibits significantly improved flexibility and
tensile properties, which is beneficial for fruit packaging. Meanwhile, the Higuchi and Ritger–Peppas
models both indicate that citral is released by diffusion from a uniform polymericmatrix. When applied
to cherry preservation, the film exhibited significantly better cherry preservation at 4 °C than at 30 °C
(P < 0.05). Simultaneously, the combination of low temperature with the film’s barrier properties and
sustained antimicrobial release synergistically inhibited microbial growth and fruit metabolism,
effectively delaying spoilage and supporting its application in both cold-chain and ambient-
temperature transport.

Cherries, being a representative perishable fresh fruit, pose notable food
safety concerns due to their susceptibility to quality degradation caused by
postharvest physiological processes and biochemical alterations1. In the
course of storage and transport, they are highly vulnerable to rapid dete-
rioration resulting from fungal contamination, elevated respiration rates,
and active enzymatic reactions2,3. Such factors lead to a marked decline in
both the commercial value and shelf life of the fruit. Consequently, the
advancement and implementation of efficient preservation techniques are
crucial for reducing postharvest losses and ensuring the freshness and
quality of cherries across the entire supply chain.

Notably, essential oils, found in plants, are valued for their various
bioactivities, including strong antifungal properties, making them useful in
food preservation4,5. Citral (CI) is a good example of this. However, essential

oil components often exhibit high volatility and lowwater solubility, posing
considerable challenges for their practical application in food packaging6.
These characteristics limit the full utilization of their preservative effects.
Therefore, it is necessary to develop innovative delivery systems to enhance
the stability and efficacy of essential oil components in fruit preservation. By
doing so, not only can the antifungal performance of effective components
like citral be better utilized, but overall preservation effectiveness can also be
improved.

To overcome these limitations, researchers have explored the use of
metal-organic frameworks as carriers for active compounds7. Cyclodextrin
metal-organic frameworks (CD-MOFs) are characterized as porous mate-
rials that feature extensive surface areas along with the capability to modify
pore dimensions8, which make them highly suitable for encapsulating
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volatile and hydrophobic substances to enhance their stability9. Particularly,
α-CD-MOFs have smaller cavities (4.4–5.7 Å) compared to γ-CD-MOFs
(7.4–9.5 Å), making them more suitable for encapsulating small-molecule
compounds10.Moreover,β-CD forms a rigid, continuous hydrogen-bonded
“belt” between the secondary hydroxyl groups at C2 and C3, limiting its
interactionwithwatermolecules and resulting in lowerwater solubility than
α-CD11.

These frameworks can effectively load and controlled-release citral,
thereby maintaining prolonged antifungal activity. Furthermore, CD-
MOFs exhibit excellent biocompatibility and environmental safety, ren-
dering them appropriate for food-related applications12. Nevertheless, the
tendency of CD-MOFs nanoparticles to aggregate and their inherent
crystallinity pose challenges for their integration into food packaging
materials. However, the tendency of CD-MOFs nanoparticles to aggregate
and their inherent crystallinity pose challenges for their integration into
food packaging materials13. Therefore, immobilizing CD-MOFs onto sui-
table substrates to achieve synergistic effects remains a key challenge in
current research. The feasibility of this approach has been demonstrated in
previous studies14,15. Notably, applications of α-CD-MOFs in this field have
been rarely reported, and this study presents a novel exploration of their
potential use in active packaging systems.

Sodium alginate (SA) and pullulan (Pul), known for their excellent
film-forming properties and biodegradability16,17, serve as promising
substrates for CD-MOFs. Incorporating α-CD-MOFs into these biopo-
lymermatrices not only enhances themechanical andbarrier properties of
the films but also provides controlled release of citral, consequently
prolonging the storage life of cherries18. This study develops a novel
composite film by encapsulating citral in α-CD-MOFs to improve its
stability and antifungal activity, and integrating the system into a biode-
gradable SA/Pul matrix for practical application. However, despite the
potential of such systems, there is still limited research on their efficacy
under real storage conditions. To address this gap, this study aims to: (1)
develop and characterize the citral-loaded α-CD-MOFs composite film;
(2) evaluate its antifungal activity in vitro; and (3) assess its effectiveness in
preserving cherry quality and extending shelf life under both cold and
ambient storage conditions. This work provides a promising strategy for

developing sustainable active packaging to reduce postharvest losses in
perishable fruits.

Results and discussion
Identification of saprophytic fungi in cherries
Research has led to the isolation of two predominant fungal pathogens (Y-1
and Y-2) from naturally decayed cherries. Morphological examinations
indicated that Y-1 presented with colonies featuring radial striations,
rounded edges, a rough texture, and a velvety appearance in shades of brown
to dark brown (Fig. 1A). Microscopic inspection revealed spherical spores
(Fig. 1A-1), which subsequently developed into dispersed hyphae upon
further incubation (Fig. 1A-2). Comparative analysis with known fungal
species descriptions suggested that this fungus is likely Aspergillus niger19.
The Y-2 fungus manifested under natural light as olive-green, velvety, and
slightly elevated colonies (Fig. 1B). Under microscopic observation, the
spores appeared short and rod-like (Fig. 1B-1), progressing to develop into
elongated and branched hyphae after a certain period (Fig. 1B-2)20.

To further confirm the identity of these fungi, their ITS rDNA gene
sequence (Table S1) were compared with those in the GenBank database
exhibiting homologies ranging from 97 to 100%. A phylogenetic tree was
constructed to establish the genetic relationships among the saprophytic
fungi. Consequently, the morphological and genetic analyses collectively
identified Y-1 asA. niger (Fig. S1) and Y-2 as Cladosporium cladosporioides
(Fig. S2).

Antifungal properties
Three terpenoid compounds were tested for their antifungal activity against
the two main pathogens causing cherry spoilage within a concentration
range of 12.5 to 400mg/mL (Table S2). The results indicated that the
antifungal activity of citral and camphor againstA. niger increased with the
elevation of their active component concentrations. However, no activity
was observed for myrcene. Among these, limonene demonstrated the best
antifungal activity against A. niger, achieving an inhibition zone of
39.00 ± 1.73mm at a concentration of 400mg/ml, which was significantly
(P < 0.05) higher than the antifungal activities of the other two compounds
at the same concentration. When tested against C. cladosporioides, it was

Fig. 1 | Identification of saprophytic fungi in cherries. A Colonies of A. niger, B Colonies of C. cladosporioides, (1): Spores, (2): Hyphae.
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found that both citral and camphor exhibited excellent antifungal activity
capable of inhibiting fungal growth even at the lowest concentration of
12.5mg/mL. In contrast, myrcene did not show any activity against this
fungus even when its concentration was increased to 400mg/mL.

According to previous studies, the mechanism by which citral inhibits
A. niger involves affecting the fungal cell membrane potential and energy
metabolism, as well as regulating the expression of proteins and genes
associated with cell membrane synthesis21. Similarly, camphor exhibits
antifungal activity against A. niger through its effects on the fungal cell
membrane22. Regarding the specific mechanisms of pure citral and cam-
phor’s action against C. cladosporioides, there have been no detailed reports
to date. Here, we speculate that its antifungal mechanism may involve
causing an imbalance in cellular membrane ion permeability23, which
requires further investigation. In studies of myrcene’s antifungal activity
against A. niger and C. cladosporioides, antifungal activity has been
demonstrated using essential oil blends24,25. When pure myrcene is used as
an antimicrobial agent without the synergistic effects of other components,
it may not exhibit significant activity; this has also been confirmed in pre-
vious studies26. In conclusion, given the superior antifungal activity of citral
against the main pathogens responsible for cherry spoilage, this substance
will serve as the foundation for further experimental testing.

Molecular docking studies
Molecular docking studies were performed to provide structural-level
auxiliary validation for the experimentally observed antifungal activities, by
examining potential interactions between active compounds and key fungal
target proteins—PhyA from A. niger and NMT from C. cladosporioides
(Fig. 2).

From the information in Table S3, camphor exhibited the most
favorable binding energy with PhyA (−5.51 kcal/mol), forming hydrogen
bonds with GLN-168 (2.3 Å) and PHE-154 (1.9 Å). In contrast, myrcene
showed a higher (less negative) binding energy of −4.18 kcal/mol and no
hydrogen bond interactions with PhyA. According to general principles,
lower binding energies and the presence of hydrogen bonds are often
associated with stronger receptor-ligand interactions27. However, experi-
mental antifungal assays (Table S2) revealed that citral demonstrated sig-
nificantly stronger inhibitory activity againstA. niger than camphor, despite
camphor showing thebest in silicobindingperformance. This inconsistency
indicates that molecular docking results may not always correlate with

actual bioactivity, likely due to limitations such as simplified scoring func-
tions and unaccounted physicochemical factors. For NMT from C. cla-
dosporioides, compounds with more hydrogen bond interactions generally
showed better binding affinities, which is consistent with their experimen-
tally determined antifungal effects28.

Therefore, themolecular docking results serve as structural support for
the experimental findings. Given the limitations of static dockingmodels—
such as the lack of consideration for compound volatility, membrane per-
meability, and cellular accessibility—these in silico data should be regarded
solely as auxiliary validation.

Microstructure of CI-α-CD-MOFs
The microstructures of α-CD, α-CD-MOFs, and CI-α-CD-MOFs were
observed through scanning electron microscope (SEM) in this study. As
shown in Fig. 3A, the irregular block-like structure of α-CDwith a diameter
ranging from 10 to 80 μm can be seen. Figure 3B illustrates the bundled
crystalline morphology of α-CD-MOFs, which is similar to the structures
observed under an optical microscope in previous studies29. However, the
cross-sectional diameter of the α-CD-MOFs prepared in this study was
~20–40 μm, a significant reduction compared to earlier findings29. More-
over, there were numerous voids between these crystals, providing ample
space for the loading of active substances. Figure 3C shows theα-CD-MOFs
after the incorporation of citral, which exhibits a structure similar to that in
Fig. 3B, yet with the appearance of numerous honeycomb-like micropores
on the crystal surface. This structural change is likely due to the interaction
with citral and may enhance the loading of active substances. Furthermore,
elemental mapping analysis demonstrated a homogeneous distribution of
key elements within the CI-α-CD-MOFs, with the contents of carbon (C),
oxygen (O), and potassium (K) being 45.6, 46.5, and 7.9%, respectively, as
illustrated in Fig. 3D, E. These results demonstrate the successful con-
struction of porous α-CD-MOFs.

XRD analysis
The crystal structures of α-CD and α-CD-MOFs were characterized using
X-ray diffraction (XRD). As shown in Fig. 4(Ⅰ), α-CD exhibited character-
istic diffraction peaks at 2θ = 5.22°, 11.94°, 12.16°, 13.56°, 14.34°, and 21.70°,
which are consistentwithprevious literature reports30,31. In comparison toα-
CD, the XRD pattern of α-CD-MOFs showed significant changes: original
peaks (such as those at 5.22°, 9.67°, 12.16°, 14.34°, and 21.70°) disappeared

Fig. 2 |Molecular docking of active substances with proteins. AThe docking of citral (1), camphor (2) andmyrcene (3) with the pocket of phyA,B the docking of citral (1),
camphor (2) and myrcene (3) with the pocket of NMT.
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Fig. 3 |Morphology and elemental characterization. SEM images ofAα-CD,Bα-CD-MOFs andCCI-α-CD-MOFs.DEDXmapping images ofCI-α-CD-MOFs, including
C, O, and K elements. E EDX spectrum of CI-α-CD-MOFs.

Fig. 4 | Physical properties of these materials. Ⅰ XRD patterns of α-CD and α-CD-
MOFs. Ⅱ FT-IR spectra of citral, α-CD-MOFs and CI-α-CD-MOFs. Ⅲ The
appearance of these films under natural light (1) and under the microscope with a
40 × objective lens (2); (A) SA film. (B) SA/Pul film. (C) CI-α-CD-MOFs/SA/Pul

film. Ⅳ The mechanical properties of these films. Different letters indicate sig-
nificant differences (P < 0.05). Ⅴ The DVC and APT of these films.Ⅵ The WS (A)
andWCA (B) of these films. (1): SA film. (2): SA/Pul film. (3): CI-α-CD-MOFs/SA/
Pul film.
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and new characteristic peaks emerged at 7.72°, 12.7°, 16.77°, 19.66°, 20.77°,
21.21°, and 22.56°. These observations align with the typical XRD patterns
reported for α-CD-MOFs in Jiang et al.32, indicating that α-CD has been
successfully assembled into α-CD-MOFs with an ordered crystalline
structure. This structural transformation is also evident in the morpholo-
gical differences between α-CD and α-CD-MOFs shown in Fig. 3, where α-
CD (Fig. 3A) exhibits an irregular block-like structure, while α-CD-MOFs
(Fig. 3B) form bundled crystalline structures, further supporting the
reconstruction of the crystal structure.

FT-IR analysis
FT-IR was performed on citral, α-CD-MOFs, and CI-α-CD-MOFs to
investigate the potential interactions between citral and α-CD-MOFs. As
shown in Fig. 4(Ⅱ), comparison of the FT-IR spectra of the three samples
revealed notable differences in three spectral regions. The first region,
located at 2970–2761.72 cm⁻¹, corresponds to the stretching vibrations of
methyl (–CH₃) and methylene (–CH₂–) groups in citral33. However, these
characteristic peaks were completely masked in CI-α-CD-MOFs. The sec-
ond region spanned from 1674 to 1337 cm⁻¹; among them, the peak at
1674 cm⁻¹ is attributed to the C=O stretching vibration of citral34, which
remained detectable in CI-α-CD-MOFs. Additionally, the bands at 1445
and 1381 cm⁻¹ are typically associated with –C=C– stretching and –CH₃
bending vibrations in citral35, but exhibited slight shifts in wavenumber in
CI-α-CD-MOFs. The third region, observed between 1124 and 1192 cm⁻¹,
represents a characteristic absorption band of citral that was significantly
diminished in both α-CD-MOFs and CI-α-CD-MOFs.

In summary, after encapsulation of citral by α-CD-MOFs, some of the
characteristic absorption peaks of citral were shielded, while new peaks
related to citral appeared in the spectrum of α-CD-MOFs. This phenom-
enon is consistent with previous studies36,37. The observed spectral changes
may be attributed to intermolecular forces that facilitate the inclusion of
citral into the hydrophobic cavity of α-CD-MOFs, resulting in partial signal
attenuation. To further elucidate the molecular interaction mechanism
between citral and α-CD-MOFs, subsequent simulations of intermolecular
forces were conducted.

Intermolecular force
To understand the adsorption mechanism of citral in α-CD-MOFs at
the molecular level, Gaussian density functional theory (DFT) B3LYP/
6-31G(d, p) method were performed to explore the possible binding
sites of citral within α-CD-MOFs. The standard coloring of sign(λ2)ρ in
IGMH isosurface maps (Fig. 5A). Based on the IGMH, the inter-
molecular interactions between cyclodextrin and citral were deter-
mined, and colored δg

inter isosurfaces with the sign(λ2)ρ relationship
graph were plotted. In the IGMH isosurfaces, predominantly green
ellipsoidal plates (Fig. 5B) can be observed, indicating that the stabi-
lization of citral loaded into α-cyclodextrin is mainly through van der
Waals (vdW) forces, as evidenced by the associated scatter plot (Fig.
5C). Additionally, hydrogen bonding interactions (Fig. 5D) are pre-
sent, with the optimized hydrogen bond length being 2.3 Å, which is
significantly shorter than the sum of the vdW radii of O and H atoms
(3.05 Å)38. In summary, the inclusion of citral in cyclodextrin is pri-
marily stabilized by the synergistic effect of vdW forces and hydrogen
bonding interactions.

The appearance of these films
The prepared films are shown in Fig. 4(Ⅲ). Under natural light, the
pure SA film appears as a transparent light yellow film with a smooth
surface (Fig. 4(Ⅲ)-A-1), which is consistent with previous studies39.
Upon further addition of Pul, the SA/Pul film remains a transparent
light yellow film with a smooth surface (Fig. 4(Ⅲ)-B-1), showing no
significant changes in appearance compared to the pure SA film. This is
directly related to the colorless, transparent, and water-soluble prop-
erties of Pul40. Building on this, the addition of CI-α-CD-MOFs results
in a film that also appears transparent and light yellow with a smooth

surface (Fig. 4(Ⅲ)-C-1). This is associated with the light-colored
physical properties of both citral and α-cyclodextrin41.

Based on this, the surface morphology of these films was observed
under a microscope. The results indicate that the outer surfaces of the SA
film and SA/Pul film are relatively smooth with few pores (Fig. 4(Ⅲ)-A-2,
and (Ⅲ)-B-2). In contrast, the outer surface of the CI-α-CD-MOFs/SA/Pul
film exhibits a large number of micro-pits (Fig. 4(Ⅲ)-C-2). This surface
morphology, rich inmicrostructural features, not only increases the effective
specific surface area of the film but also provides more storage sites for the
loading of active substances, thereby facilitating the encapsulation and
release of active components42.

Mechanical properties
The mechanical properties represent a crucial characteristic of edible
packaging films, as they directly influence the durability and robustness of
these films43. In this study, the mechanical property test results for the
prepared films are presented in Fig. 4(Ⅳ). The results show that the
thickness of the pure SA filmwas 0.26 ± 0.03mm.When Pul andCI-α-CD-
MOFs were sequentially added to the SA film, there was no significant
difference in thickness (P > 0.05). For the fracture tensile strain (FTS), the
addition of Pul to SA did not significantly increase the value of pure SA.
However, when CI-α-CD-MOFs were added to the SA/Pul film, the FTS
significantly increased to 146.14 ± 1.09% (P < 0.05), demonstrating excel-
lent tensile deformation performance. This phenomenonmay be attributed
to the formation of a cross-linked network by the metal nodes and organic
linkers inCI-α-CD-MOFs44, aswell as the glycosidic ring structure ofα-CD-
MOFs providing a stable framework for the compositefilm45. This enhances
the internal stability of the film, thereby leading to a significant increase in
tensile strength. Consequently, the tensile fracture stress (TFS), tensile
strength (TS), and tensile yield stress (TYS) of the film were all significantly
increased (P < 0.05) after the addition of CI-α-CD-MOFs. Additionally, the
YM of the film was significantly reduced (P < 0.05) after adding CI-α-CD-
MOFs, indicating a notable decrease in the hardness of the film46.While the
incorporation of α-CD-MOFs enhances the film’s FTS, it also increases the
material’s tendency to deformunder stress, leading to a reduction in its YM.
Such observations have been documented in prior film studies47. In con-
clusion, the incorporation of MOFs materials into the SA/Pul film leads to
improved deformation properties, rendering itmore suitable as a packaging
material for fruits and vegetables.

DVC and APT of these films
Figure 4(Ⅴ) presents theDVCand absorptionperformance testing (APT)of
these films. The DVC of the membrane can be used to evaluate its loading
capacity. After evaporation at 105 °C for 24 h, no significant difference in
DVC content was observed between the SA and SA/Pul films (P > 0.05).
This can be explained by their similar microstructures as revealed by SEM
images and membrane thickness, indicating no notable structural differ-
ences. This also suggests that there is no significant difference in their APT
values (P > 0.05). However, when CI-α-CD-MOFs were incorporated into
the SA/Pul film, along with an additional wetting step during film pre-
paration, the weight of citral was increased on top of the original water
content in the SA/Pul film. This resulted in a significant difference in the
high-temperature volatilization test (P < 0.01). Similarly, the porous struc-
ture on the surface of the membrane increased the specific surface area and
provided more binding sites, thereby significantly enhancing its water
adsorption capacity (P < 0.05)48.

Water resistance of these films
This study examined the WS of SA, SA/Pul, and CI-α-CD-MOFs/SA/Pul
films. As illustrated in Fig. 4(Ⅵ)-A, all three films completely dissolved
within 1 h, indicating their good WS These results are consistent with
previous findings49. To further investigate the differences in WS among
these films, the WCA was measured. Data analysis, conducted within its
95% confidence band, revealed that the slope of the trend line for theWCA
of the SA film is K = –0.34659 (R2 = 0.96686), for the SA/Pul film is

https://doi.org/10.1038/s41538-025-00622-5 Article

npj Science of Food |           (2025) 9:262 5

www.nature.com/npjscifood


K = –0.28414 (R2 = 0.99275), and for the CI-α-CD-MOFs/SA/Pul film is
K = –0.19460 (R2 = 0.95643) (Fig. 4(Ⅵ)-B). By comparing the absolute
values of these slopes, it was determined that the CI-α-CD-MOFs/SA/Pul
film exhibits the lowest dissolution rate, thus demonstrating the highest
water resistance. The likely reason is that the metal ions in CD-MOFs
undergo cross-linking reactions with carboxyl or other functional groups in
SA/Pul, forming a more compact network structure. This tighter network
enhances the structural stability of the material in water, thereby increasing
the hydrophobicity of the film50. Similar findings have also been reported in
previous studies51.

Thermal stability analysis
Figure 6(Ⅰ) presents the thermogravimetric (TG) and derivative thermo-
gravimetric (DTG) curves of citral and the CI-α-CD-MOFs/SA/Pul film.
TheTG curve of citral (Fig. 6(Ⅰ)-A-1) indicates that it undergoes continuous
volatilization and decomposition in a single stage over the temperature
rangeof 37–488 °C,with aweight loss of 98.1294%occurringover2800 s.As
shown in the DTG curve (Fig. 6(Ⅰ)-A-2), the maximum weight loss rate of
citral occurs at 233.5 °C, reaching a peak rate of 0.016062mg/s. For the CI-
α-CD-MOFs/SA/Pul film, its TG curve (Fig. 6(Ⅰ)-B-1) shows that the
thermal degradation process mainly occurs in four stages within the tem-
perature range of 30–470 °C. The first stage, occurring between 40 and
140 °C, involves a weight loss of 15.7374%, which is attributed to the eva-
poration of moisture1. The second stage, from 140 to 200 °C, exhibits a
weight loss of 18.0625%, primarily due to the removal of guest solvents from
the film matrix52. The total weight loss in the first two stages amounts to
33.7999%, a value close to theDVCof thefilm. The third stage ofweight loss

occurs between 200 and 250 °C, which is mainly attributed to the volatili-
zation and decomposition of citral embedded within the α-CD-MOFs
structure and attached to the surface of the film. Themaximumweight loss
rate reaches 0.00767982mg/s at 231.7 °C (Fig. 6(Ⅰ)-B-2), significantly lower
than the weight loss rate of pure citral (0.0159642 mg/s) at the same tem-
perature. This indicates that the CD-MOFs and the film matrix effectively
enhance the thermal stability of citral53. The fourth stage of weight loss,
occurring between 250 and 340 °C, is primarily due to the decomposition of
the film into smaller particles54. By 350 °C, the total weight loss of the CI-α-
CD-MOFs/SA/Pul film reaches 81.6829%. In summary, the α-CD-MOFs/
SA/Pul film system provides a more stable microenvironment for citral,
significantly delaying its volatilization and degradation.

Release kinetics
Figure 6(Ⅱ)-A shows the cumulative and daily release of citral from the α-
CD-MOFs/SA/Pul film. On the first day of the release test, the release of
citral reached 26.07 ± 1.39%, which was the highest value over the 8-day
release period. Afterward, the release rate gradually decreased and even-
tually stabilized. This is primarily due to the initially high concentration of
citral in the film, which provided a stronger driving force for diffusion,
resulting in a faster initial release rate54,55.

To further understand the release mechanism of the film, several
mathematical models were employed: the Zero-order model (Fig. 6(Ⅱ)-B,
R² = 0.90673), First-order model (Fig. 6(Ⅱ)-C, R² = 0.98117), Higuchi
model (Fig. 6(Ⅱ)-D; R² = 0.99956), Ritger–Peppas model (Fig. 6(Ⅱ)-E,
R² = 0.99958), andWeibullmodel (Fig. 6(Ⅱ)-F,R² = 0.97753). The goodness
of fit was evaluated using the coefficient of determination (R²). Among

Fig. 5 | Non-covalent intermolecular interactions between citral and α-CD. A The standard coloring of sign(λ2)ρ in IGMH isosurface maps; B IGMH isosurface maps of
citral incorporated α-CD for revealing non-covalent intermolecular interactions; C Corresponding scatter graph; D Hydrogen bonding between citral and α-CD.
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these, theHiguchi andRitger–Peppasmodels exhibited thehighestR² values
(>0.999), indicating excellent fitting performance. The Higuchi model
indicates that citral diffusion is time-dependent and involves sustained
release from a homogeneous matrix56. Additionally, in the Ritger–Peppas
model, the exponent n = 0.50419 falls within the range of 0.45 < n < 0.89,
suggesting that the release mechanism involves both diffusion and
dissolution57. However, it should be noted that the filmwas placed openly in
the experimental container rather than immersed in a solution. Therefore,
we hypothesize that during storage, the film absorbed some moisture,
leading to partial dissolution of the film structure and subsequent release of
citral.

In summary, the sustained releasebehavior of citral fromthefilmaligns
well with predictions from both the Higuchi and Ritger–Peppas models,
with the dominant release mechanism being diffusion-controlled.

Evaluation of cherries quality
Fresh cherries were placed into storage containers and individually covered
with one of three different film types. Preservation indicators were mon-
itored over a 10-day storage period under two conditions: 30 °C and 4 °C,
both at 50–70% relative humidity. The control group (CK) remained
uncovered.

Visual assessment analysis
The study conducted a visual assessment of the cherries throughout the
storage period. Low-temperature storage exhibited superior preservation
efficacy compared to ambient-temperature storage, as it significantly sup-
pressed respiratory and transpiration rates, thereby reducing water loss,

slowing cellular structure degradation, andbettermaintaining fruitfirmness
and surface glossiness58.

The comparison at 30 °C in Fig. 7 reveals that the CK group exhibited
initial signs of surface deterioration—such as wrinkling, pitting, and loss of
glossiness—by day 4. This deterioration is attributed to accelerated water
evaporation under high temperature, leading to reduced cellular turgor
pressure, along with increased activity of cell wall-degrading enzymes,
which promote tissue softening and structural collapse59. In contrast, the
film-wrapped treatment groups (SA/Pul, PE, and CI-α-CD-MOFs/SA/Pul)
showed better preservation of visual quality, as the film acts as a protective
barrier on the fruit surface, effectively limiting moisture loss and gas
exchange, thereby delaying dehydration andmetabolic degradation60. Over
time, all groups developed varying degrees of wrinkling and pitting under
both 30 °C and 4 °C. However, the most severe deterioration was observed
in the CK group at 30 °C, indicating that unprotected fruit is highly sus-
ceptible to elevated temperature stress.

Microbial growth on the fruit surface was also monitored. No visible
microbial growth was observed in any cherry group stored at 4 °C, indi-
cating that low temperature effectively suppresses microbial metabolism
and proliferation61. In contrast, at 30 °C, visible microbial growth—mani-
fested as localizedmold spots andmucoid colonies—wasdetected in theCK,
SA/Pul, and PE groups. This is attributed to the warm and humid envir-
onment promoting rapid proliferation of spoilage microorganisms (e.g.,
Aspergillus, Cladosporium), thereby accelerating fruit decay62. Notably, the
CI-α-CD-MOFs/SA/Pul film, which incorporates the antimicrobial agent
citral encapsulated within α-CD-MOFs for stable loading and sustained
release, exhibited excellent antimicrobial performance.

Fig. 6 | Thermal stability and release kinetics of citral in composite films. ⅠTG (1) andDTG (2) of citral (A) and CI-α-CD-MOFs/SA/Pul film (B).ⅡThe release profiles of
citral (A). The citral release profile fitted by Zero-order model (B), First-order model (C), Higuchi model (D), Ritger–Peppas model (E) and Weibull model (F).
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Decay rate evaluation
Decay rate is a key indicator of postharvest fruit quality, closely cor-
related with weight loss, firmness, and reactive oxygen species levels,
and thus serves as an effective parameter for evaluating the overall
deterioration trend of fruit quality63. As shown in Fig. 8A, after 10 days
of storage, the CK (30 °C) group exhibited a significantly higher decay
rate (81.67 ± 7.64%) than all other treatments (P < 0.001), indicating
that fruit spoilage progresses rapidly under conventional high-
temperature storage. In contrast, fruits treated with CI-α-CD-MOFs/
SA/Pul (30 °C) film showed significantly lower decay rate, with
superior preservative effect compared to the PE film group (P < 0.05).
This is consistent with previous findings where γ-CD-MOFs-based
antimicrobial films also outperformed PE films15. The reason for this
may be that the wrapping of the cherries with this film effectively
blocked the infiltration of a large number of saprophytic
microorganisms64 and prevented damage to the fruit integrity caused
by small insects63. Additionally, the loading of healthy antimicrobial
active components in the film further enhanced this barrier effect65, as
verified in Table S2.

When storage temperature was optimized to 4 °C, decay rate sig-
nificantly decreased across all groups, demonstrating that low temperature
effectively suppresses microbial growth, respiration rate, and enzymatic
activity, thereby delaying senescence61. Notably, the CI-α-CD-MOFs/SA/
Pul (4 °C)filmachieved a lower decay rate, highlighting the synergistic effect
between the functional film and cold storage. PE (30 °C) film also showed
better preservation, primarily relying on its physical barrier properties and
the inherent ability of low temperature to slow microbial growth. Cold
storage not only stabilizes the release and prolongs the activity of bioactive
components in the film but also enhances the fruit’s disease resistance and

tissue stability, enabling long-term quality preservation, extending shelf life,
and maintaining superior edible quality.

Weight loss analysis
Weight loss is a key indicator for evaluating fruit quality, primarily causedby
water loss due to respiration and transpiration, often leading to fruit wilting
and quality deterioration66. Under storage at 30 °C, this study investigated
the effect of three film packaging treatments on weight loss in cherry fruit
over 10 days (Fig. 8B). The unpackaged CK (30 °C) group exhibited sig-
nificantly higher water loss than all other groups (P < 0.001), reaching
27.30 ± 2.19%. Although no significant differences were observed among
the remaining three treatment groups (P > 0.05), the CI-α-CD-MOFs/SA/
Pul (30 °C) film group consistently maintained the lowest water loss
(13.60 ± 1.32%), which may be attributed to its ability to effectively reduce
decay rate and thereby minimize water loss associated with cellular
damage67. Previous studies have also demonstrated that a γ-CD-MOFs film
loaded with curcumin can reduce weight loss in strawberries68.

When the storage temperature was reduced to 4 °C, weight loss in all
groups was significantly lower compared to the 30 °C condition. Although
differences among treatments were not significant (P > 0.05), the CK (4 °C)
group still showed the highest relative weight loss, primarily due to the
absence of aphysical barrier againstmoisture evaporation. Low temperature
effectively suppressed respiration and transpiration rates, thereby slowing
water loss and delaying overall quality deterioration58.

Titratable acidity analysis
Titratable acidity is a critical indicator for assessing the respiratory rate of
fruits, as it is associated with organic acids, which serve as substrates in
respiratory metabolism1. As shown in Fig. 8C, with the extension of storage

Fig. 7 | Sensory evaluation of cherries. Appearance of cherries during 10 days of storage at 30 °C and 4 °C.
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time, the titratable acidity in different groups of cherries generally decreased.
However, cherries packaged with specific films exhibited a significantly
slower decline compared to the control group without packaging. During
the growth phase of the fruit, organic acids gradually accumulate. Upon
entering the maturation stage, however, the content of organic acids begins
to decrease due to their involvement in respiratory processes and other
metabolic activities69.

Studies have found that under storage conditions at 30 °C by the end of
the storage period, although there were no significant differences among
groups (P > 0.05), the titratable acidity of cherries in the CK (30 °C) group
without film coverage dropped to the lowest value of 0.23 ± 0.08%, whereas
cherries packaged with CI-α-CD-MOFs/SA/Pul (30 °C) film maintained a
higher titratable acidity of 0.30 ± 0.05%, even surpassing those packaged
with PE (30 °C) film at 0.28 ± 0.07%. This indicates that the composite film
can effectively slow down the respiratory rate of cherries and improve
preservation performance. Similar findings have been observed with drug-
loaded MOFs composite films used on other fruits such as cherry
tomatoes68,70, strawberries68, and apples71.

Under low-temperature conditions at 4 °C, the titratable acidity across
all tested groups was significantly higher than their counterparts stored at
30 °C. Specifically, by the end of the storage period, the titratable acidity of
cherries in the uncoated CK (4 °C) group could still be maintained at
0.37 ± 0.08%, while those packaged with CI-α-CD-MOFs/SA/Pul (4 °C) film

remained at 0.43 ± 0.07%. These data further demonstrate that even at lower
temperatures, this compositefilmcan furtherdelay thedegradationoforganic
acids, contributing to maintaining the freshness and quality of the fruit.

MDA analysis
Malondialdehyde (MDA) content is a widely used indicator of membrane
lipid peroxidation and serves as a reliable marker for assessing the degree of
fruit senescence or oxidative stress72. As shown in Fig. 8D,MDA levels in all
cherry groups increased progressively throughout the storage period,
indicating continuous oxidative damage and gradual deterioration of cel-
lularmembranes.However, the rate ofMDAaccumulationwas significantly
influenced by both packaging treatment and storage temperature.

At 30 °C, the CK (30 °C) group exhibited the fastest increase in MDA
content, reaching6.75 ± 1.02 μmol·g⁻¹ at the endof storage, indicating severe
lipid peroxidation and accelerated fruit senescence. In contrast, samples
packaged with the CI-α-CD-MOFs/SA/Pul (30 °C) film showed a sig-
nificantly slower accumulation of MDA (P < 0.05), with a final content of
5.11 ± 0.86 μmol·g⁻¹, which was also lower than that of the PE (30 °C) film
group (5.46 ± 0.09 μmol·g⁻¹). This suggests that the composite film effec-
tively alleviates oxidative stress, possibly due to its excellent physical barrier
properties and the sustained release of bioactive components from the
MOFs structure, thereby mitigating oxidative damage caused by environ-
mental stresses73.

Fig. 8 | Evaluation of cherry preservation quality. The decay rate (A), weight loss (B), titratable acidity (C), and malondialdehyde content (D) of cherries. Different letters
indicate significant differences (P < 0.05).
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Under low-temperature storage at 4 °C, MDA accumulation in all
groups was significantly lower than in their corresponding 30 °C counter-
parts (P < 0.01), confirming that low temperature effectively delays oxida-
tive damage74. Nevertheless, differences among packaging treatments
remained evident. At the end of storage, the CK (4 °C) group had anMDA
content of 3.45 ± 0.35 μmol·g⁻¹, while the lowest level was observed in the
CI-α-CD-MOFs/SA/Pul (4 °C) film group (3.08 ± 0.75 μmol·g⁻¹), followed
by the SA/Pul (4 °C)film group (3.29 ± 0.36 μmol·g⁻¹) and the PE (4 °C)film
group (3.21 ± 0.63 μmol·g⁻¹). These findings are consistent with previous
studies75.

In summary, the CI-α-CD-MOFs/SA/Pul composite film effectively
suppresses lipid peroxidation in cellularmembranes during storage, thereby
delaying fruit senescence. The preservation effect is further enhanced under
refrigerated conditions, highlighting the synergistic benefits of low tem-
perature and active packaging in maintaining cherry quality.

Methods
Materials and reagents
Sodium alginate (SA, Adamas), pullulan (Pul, ≥99%, Aladdin), α-cyclo-
dextrin (α-CD, ≥98%, Adamas), potassium hydroxide (KOH, ≥90%,
Greagent), ethanol (≥99.5%, Greagent), citral (CI, ≥95%, Adamas), glycerol
(99.5%, Meryer), potato dextrose agar medium (PDA, Hopebio).

Fungal identification
The identification of saprophytic fungi followed the method described by
Mou et al.76. Fungal colonies that showed abundant growth on the surface of
spoiled cherrieswere selected for further analysis. Briefly, fungal sporeswere
evenly spreadonPDAplates and incubated at 30 °C for 24 h.A single colony
was then picked and repeatedly subcultured on fresh plates to ensure purity.
Microscopic observation of individual colonies’morphologywas conducted
during this process. For accurate identification of the fungal genus and
species, DNA sequencing of the strain was performed with the assistance of
Tianke Biotechnology Co., Ltd. The ITS rDNA gene sequences were com-
pared with reference sequences in the NCBI database, and a phylogenetic
tree was constructed to ultimately determine the species of the saprophytic
fungus.

In vitro antifungal activity
The in vitro antifungal activity of active substances (e.g., citral) as well as
various film materials was evaluated by measuring the diameter of inhibi-
tion zones, following themethoddescribed byMouet al.77. Briefly, 0.2mLof
fungal suspension (1.5 × 10⁶CFU/mL) was uniformly spread onto potato
dextrose agar medium (PDA) plates and allowed to absorb statically. Sub-
sequently, 50 μL of active substances at concentration gradients ranging
from 12.5 to 400mg/mL was added into pre-punched wells (6mm in dia-
meter) on thePDAmedium. Inparallel, SAfilm, SA/Pulfilm, andCI-α-CD-
MOFs/SA/Pul film were each prepared into solutions at a concentration of
400mg/mL, and 50 μL of each solution was similarly applied into separate
wells using the same procedure. The plates were then incubated at 30 °C for
36 h, afterwhich the diameters of the inhibition zones (mm)weremeasured
and recorded. Dimethyl sulfoxide was used as the negative control, and
carbendazim served as thepositive control to assess the antifungal efficacyof
all samples.

Molecular docking
Phytase gene (phyA) (https://www.rcsb.org/structure/3K4Q; PDB ID:
3K4Q), which can be produced by various species of Aspergillus, par-
ticularly A. niger, is capable of dephosphorylating lower-order inositol
phosphates to form inositol monophosphates. This process plays a
crucial role in providing the phosphate necessary for fungal
development78. Furthermore, extensive experimental evidence indi-
cates that N-myristoyltransferase (NMT) (https://www.rcsb. org/
structure/1IYK; PDB ID: 1IYK) is a highly promising target for anti-
fungal drugs79, which has been studied for its activity against C.

cladosporioides. The study utilizes active ingredients, such as citral, in
conjunction with these enzymes to predict and understand the binding
interactions between small molecules and target proteins, employing
molecular docking methods as described by Emam et al.80.

Synthesis of α-CD-MOFs
As illustrated in Fig. 9 and described by Oh et al.81, the traditional steam
diffusion method is used for the preparation of α-CD-MOFs crystals.
Briefly, α-CD (4.86 g) and KOH (2.24 g) were dissolved in 80mL of deio-
nizedwater at amolar ratio of 1:8, followed by thorough stirring for 6 h. The
mixture was then filtered through a 0.45-micron filter membrane. After
filtration, the solution was placed in a beaker containing 100mL of ethanol
and sealed for 7 days at room temperature to facilitate the growth of α-CD-
MOFs crystals.

Microstructure
The sample was gold-coated to enhance its conductivity, and imaging was
performed using a scanning electron microscope (SEM, model SU-3800,
Hitachi, Japan) at an accelerating voltage of 5 kV. Furthermore, the ele-
mental distribution of the sample was analyzed and mapped utilizing an
energy-dispersive X-ray (EDX) spectrometer integrated with the SU-
3800 SEM.

Crystal structure analysis
XRDanalysis was carried out according to themethod ofMing et al.30, using
a D8 ADVANCE X-ray diffractometer (Bruker, Germany) in wide-angle
scanning mode. The measurements were performed over a scan range of
5°–40° at a scan rate of 5°/min to characterize the crystal structure of the
samples.

Fourier transform infrared spectroscopy (FT-IR)
The sample was carefully mixed with dried KBr powder in an appropriate
ratio and then pressed into a transparent pellet. The obtained pellet was
placed into the sample compartment of an FT-IR spectrometer (IRTracer
100, Shimadzu, Japan) and scanned in the range of 4000–500 cm⁻¹ 82.

Theoretical calculation method
The inclusion behavior of citral within α-CD-MOFs was investigated fol-
lowing the methodology established by Lu et al.83. Briefly, the dominant
configurations of citral and its complexes with α-CD were initially con-
structed using Chem3D software. Subsequently, geometry optimization
calculations for all conformers of citral and α-CD were performed at the 6-
31G(d, p) basis set level through DFT with the B3LYP functional, imple-
mented in Gaussian software. The molecular interactions were then
determined using the Independent Gradient Model based on Hirshfeld
partition (IGMH), with computational results analyzed through the Mul-
tiwfn program. Finally, visual representation of the research findings was
achieved using Visual Molecular Dynamics software.

Preparation of films
The fabrication procedure for the thin film followed the methodologies
outlined in previous studies84,85. The preparation process of the film is
illustrated in Fig. 9. Briefly, Pul and SAweremixed in equal weight ratios to
prepare a 4 g/100mL solution, to which 3% (v/v) glycerol was added.
Subsequently, 200mg of CI-α-CD-MOFsmaterial was uniformly dispersed
into this solution. The resulting mixture was dried at 40 °C for 24 h to form
the film. The film was then immersed in citral and shaken at 25 °C at
200 rpm for 10min. Finally, the film was retrieved and air-dried for
further use.

Appearance of these films
The appearance of the film was observed under natural light. Subsequently,
the microstructure of the film was observed under an optical microscope
with a 40× objective lens (ML-41, Mshot, Guangzhou, China).
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Film thickness
Using a desktop micrometer (manufactured by Shanghai Liuleng Instru-
ment Factory, China), the measurement process for the thickness of each
film sample was repeated three times.

Mechanical properties
The film samples to be tested were prepared as rectangular stripsmeasuring
15mm× 70mm. These samples were then subjected to uniaxial tensile
testing using a 1 kg load capacity tensile tester (WanceTestingMachineCo.,
Ltd, China) at a rate of 1mm/s. This process was used to evaluate various
mechanical properties of the films, including film thickness (FT), FTS, TFS,
TS, TYS, and Young’s modulus (YM).

Determination of volatile components in films (DVC)
Thefilmwas cut into piecesmeasuring 2 cm × 2 cm (W₀). The sampleswere
then dried at 105 °C for 24 h and reweighed (W₁). The drying and weighing
process was repeated three times. The calculation formula is as follows:

DVC ð%Þ ¼ ðW0�W1Þ=W0 × 100 ð1Þ

Absorption performance testing (APT)
The film from which volatile components had been removed (W₁) was
placed in a controlled environment at 30 °C and 50–70% relative humidity
for 24 h. Afterward, the weight of the film after absorbing environmental

components was recorded (W₂). The test was repeated three times. The
calculation formula is as follows:

APT ð%Þ ¼ ðW1 �W2Þ=W1 × 100 ð2Þ

Water solubility (WS)
The film samples were cut into strips measuring 1 cm × 2 cm, and their
initialmass (m0) was recorded. The samples were then immersed in 8mLof
distilled water and intermittently stirred at room temperature for 24 h.
Afterward, the undissolved films were dried to a constant weight, and the
final mass (m1) was recorded. Each film sample underwent this testing
procedure three times.

Evaluation of the water contact angle (WCA)
The hydrophilicity of the film surface can be assessed by measuring the
contact angle86. A PGX goniometer (FIBRO System AB, Sweden) was used
to analyze the changes in the water contact angle of a 5 μL distilled water
droplet placed on the film surface. The measurement cycle lasted for 60 s.

Thermal stability
The thermal stability of the films was evaluated using thermogravimetric
analysis (TGA) (SDT-Q 600, TA Instruments, USA). 5mg of each sample
was heated from30 to 550 °C at a constant heating rate of 10 °Cmin⁻¹ under
a nitrogen atmosphere.

Fig. 9 | Preparation process of theCI-α-CD-MOFs/SA/Pulfilm.A synthesis procedure of CI-α-CD-MOFs; (B) drying process of CI-α-CD-MOFs/SA/Pul film solution; (C)
citral loading by film immersion; (D) final CI-α-CD-MOFs/SA/Pul film.
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Release behaviors
The study referred to themethodofMouet al.35. Briefly, thefilmwas cut into
pieces of 3 × 3 cm² and placed in an environment of 30 °C and 50–70%
relative humidity. Samples were collected daily and dissolved in 5mL of
ethanol. The solutions were then subjected to ultrasonic treatment for
30min, after which the supernatant was collected and the citral content was
determined bymeasuringUV absorbance at 287 nmusing a standard curve
(y = 2.0901x− 0.1173, R2 = 0.9967). The experiment was repeated three
times. The cumulative release of citral was calculated using the following
formula:

Release amountð%Þ ¼ ðm0 �miÞ=m0 × 100 ð3Þ

Herein, mi (i = 1, 2, 3, …, n) denotes the residual quantity of citral
present in the film at various intervals, whilem0 signifies the initial quantity
of citral incorporated into the multilayer film.

The release profile of citral was fitted using four mathematical models:
(4) Zero-order model, (5) First-order model, (6) Higuchi model, (7)
Ritger–Peppas model, and (8) Weibull model:

y ¼ ktþ c ð4Þ

y ¼ 1� e�kt ð5Þ

y ¼ kt0:5 ð6Þ

y ¼ ktn ð7Þ

y ¼ Að1� e�ðkðt�tcÞÞdÞ ð8Þ

where y is the percentage of citral released at time t, k is the release rate
constant, and n, d are the release exponent.A is the total amount of released
citral.

Preservation of cherries
Cherries of similar appearance and consistent weight were selected for the
experiment. The experimental groups were designated as CK, SA/Pul film,
CI-α-CD MOFs/SA/Pul film, and polyethylene (PE) film, with each group
consisting of 10 cherries, and each treatment was performed in triplicate.
Ten cherries were placed into a preservation container and then covered
with the respective packaging film. The specific packaging configurations
are illustrated in Fig. S3. Testing conditions: Samples were stored at 30 °C
and 50–70% relative humidity, as well as at 4 °C and 50–70% relative
humidity, for 10 days, to evaluate the effects of both ambient and refri-
gerated storage on the quality preservation of cherries.

Fruit visual evaluation
The surface quality of cherries was evaluated based on visual assessment of
color, sunken areas, and microbial growth. Changes such as browning,
dullness, softening, or shriveling were recorded. Visible microbial growth
(e.g., fungal hyphae) was recorded and described accordingly.

Evaluation of decay rate on cherries
The evaluation method for decay rate referred to the approach outlined by
Mouet al.77 withminormodifications. It ismeasured by assessing the area of
decay on the fruit surface, with tests conducted every 2 days.

Weight loss
To assess the weight loss of cherries during storage, initial weights were
recorded at the start of the experiment, followed by subsequent weighings
every 2 days. Weight loss is presented as a percentage (%).

Titratable acidity (TA)
Accurately weigh 2.0 g of cherry pulp homogenate and transfer it into a
beaker. Add 50mL of deionized water and stir thoroughly to ensure com-
plete dissolution. Filter themixture and collect thefiltrate for titration.Using
phenolphthalein as the indicator, titrate the filtrate with 0.01mol/L NaOH
solution. Each sample is analyzed in triplicate, and the mean value is
reported. Titratable acidity is calculated according to the following formula:

TAð%Þ ¼ ðV × n × 0:067=mÞ × 100 ð9Þ

where V is the volume of NaOH solution consumed (mL), n is the
molarity ofNaOH(mol/L), 0.0670 is themalic acid conversion factor, andm
is the sample mass (g)1.

Malondialdehyde (MDA)
The MDA content in cherries was quantified using the thiobarbituric acid
method as described by Bai et al.72. Briefly, 1.0 g of fruit pulp was homo-
genized in 5.0mL of 10% trichloroacetic acid, followed by centrifugation at
10,000 × g for 20min at 4 °C. A 2.0 mL aliquot of the supernatant was
combined with 2.0 mL of 0.67% thiobarbituric acid solution, incubated in a
boiling water bath for 20min, and then cooled to room temperature before
centrifugation for 10min. The absorbance of the supernatant was recorded
at 450, 532, and 600 nm. MDA content was determined based on its molar
absorption coefficient and expressed in μmol/g.

Statistical analysis
Data were analyzed via one-way analysis of variance, with values of P < 0.05
deemed to indicate statistical significance in Duncan’s multiple range test.

Data availability
The authors declare that all the data supporting thefindings of this study are
available in the paper.
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