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ABSTRACT: Porous organic polymers are remarkably versatile materials with porous and carefully designed struc-
tures. They complement traditional preservation methods by overcoming their limitations and significantly extending
the shelf life of preserved products. Notably, porous hollow nanospheres (PHNs), with their unique hollow structures
capable of adsorbing and releasing organic molecules, have garnered considerable attention in food preservation.
However, most PHNS are challenging to synthesize in one step, and PHNs are usually in powder form, which makes it
challenging to apply them directly. In this study, we successfully synthesized PHNs in one step using the Friedel-Crafts
reaction. The PHNs, adsorbed with hexanal molecules, were then embedded in polymer fibers to create composites via
electrospinning. The preservation effect of the composite nanofiber membranes was investigated by determining the
changes in appearance, weight, peel hardness, and pulp sugar content of three fruits, namely strawberries, bananas, and
kumaquats, after several days of storage. In comparison to pure poly(e-caprolactone) fiber membranes, PHNs containing
hexanal molecules slowed down the oxidative deterioration process and enhanced the quality and flavor of preserved
fruits. This research presents innovative approaches for using porous organic polymers in food preservation and serves
as a valuable reference for the development of future food packaging materials.
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1 Introduction

Food is a fundamental necessity, and ensuring food safety must be a top priority. In recent decades, with
rising living standards, people have shifted their focus from merely having enough food to emphasizing food
safety [1,2]. Food preservation plays a crucial role in maintaining food safety [3]. Traditional preservation
methods such as freezing, pickling, canning, fermentation, and the use of chemical preservatives, while
effective, often degrade the food’s original nutrients and taste and may even generate harmful substances [4].
Therefore, it is essential to optimize and develop new preservation techniques that ensure long-term food
safety while retaining high nutritional value.

With the progress of science and technology, researchers have introduced a range of innovative
preservation techniques, including high-temperature ultraviolet radiation [5], ionophores [6], the use of
natural microorganisms with anticorrosive and antibacterial properties as alternatives to harmful chemical
preservatives [7], and the application of nanomaterials as preservatives leveraging their unique physico-
chemical and antimicrobial properties [8]. These advancements aim to address the limitations of traditional

preservation techniques by enhancing food safety, maintaining nutritional value, and prolonging shelf life.
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Nanomaterials have garnered significant attention in food preservation due to their distinctive physico-
chemical and antimicrobial characteristics [9,10]. Their versatility and effectiveness have been demonstrated
in various applications. For instance, Jafari et al. investigated the preservation of yogurt using fish oil
encapsulated within nanomaterials. Their study revealed that yogurt containing nanomaterials retained a
fresher taste over the same period, demonstrating the anticorrosive properties of nanomaterials in slowing
the oxidative processes in food [11]. Similarly, Hatamie et al. explored the antimicrobial efficacy of porous
nanomaterials, specifically oxidized graphene/cobalt metal-organic frameworks, finding that these materials
exhibited high bactericidal activity against Escherichia coli and Staphylococcus aureus [12]. Furthermore, the
structural properties of nanomaterials significantly influence their effectiveness in food preservation [13].
Nanomaterials with a larger specific surface area and hollow structures can adsorb and store antimicrobial
agents more efficiently, thereby extending the shelflife of food products [14-16]. However, fabricating hollow
spheres or capsules with well-defined structures often presents challenges, as they are difficult to prepare
using a single-step process and may result in poorly defined structures [17]. This highlights the need for
further research into developing hollow nanospheres with superior preservation properties and scalable
production methods to meet practical needs in food safety.

Hypercrosslinked polymers (HCPs) are a class of porous organic nanomaterials characterized by
highly crosslinked network structures [18,19]. They offer several advantages, including high stability, a
large specific surface area, and an abundant pore structure [20], making them highly effective in various
applications such as drug delivery [21], heterogeneous catalysis [22], and gas storage [23]. Crosslinked
organic frameworks can be synthesized with diverse microscopic morphologies, including nanotubes [24],
hollow nanospheres [25,26], nanoparticles [27], and two-dimensional films [28]. Among these, self-assembly
enables the direct formation of porous hollow nanospheres (PHNs) in a single step, simplifying the prepa-
ration process by eliminating the template removal step required in hard and soft template methods [29].
However, like PHNs prepared through traditional template methods, hypercrosslinked polymers-porous
hollow nanospheres (HCPs-PHNG) are typically synthesized as powders, which poses challenges for practical
use in food preservation and increases the risk of environmental pollution. To address these issues,
researchers often fabricate PHNs into films or coatings, enhancing their applicability and environmental
friendliness [30-32].

Electrospinning technology, widely used in food packaging [33], biomedicine [34,35], energy [36], and
environmental applications [37], is an effective method for preparing thin films for food preservation. This
technique employs a high-voltage electrostatic field to stretch polymer solutions into nanofibers, forming
uniform and dense thin films. The process retains the unique properties of HCPs and potentially enhances
their mechanical strength and flexibility [38-40]. Additionally, the films produced through electrospinning
exhibit a uniform pore structure and high specific surface area. When applied to food preservation, these
films effectively block oxygen and water vapor while regulating the microenvironment within the package,
thereby significantly extending the shelf life of food [41].

In this study, to effectively combine the hollow porous polymers with the packaging capabilities of
films, a composite of HCPs and electrospun fibers was created by integrating PHNs with electrospinning
technology. First, PHNs-like HCPs were synthesized through a Lewis acid-base interaction-guided self-
assembly reaction. The excellent adsorption properties of PHNs enabled the adsorption of hexanal, which
has antimicrobial and hydrophobic properties, resulting in the formation of Hex@PHNs. Next, these
PHNSs, with adsorbed hexanal molecules, were embedded into poly(e-caprolactone) nanofibrous membranes
(PCL/Hex@PHNSs) via electrospinning. Structural characterization and analysis of the fibrous membranes
confirmed the successful loading of hexanal molecules and PHNs. Additionally, the preservation perfor-
mance of the fibrous membranes was evaluated by examining the changes in skin appearance, weight, and
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sugar content of fruits stored with different preservation membranes. This study provides valuable insights
into enhancing the effectiveness of preservative membranes available in the market.

2 Materials and Methods
2.1 Materials

1,4-Benzenedimethanol (Mw = 138.17, Tihiai Industrial Development Co., Ltd., Shanghai, China), Iron
trichloride (Sinopharm Group Chemical Reagent Co., Ltd., Shanghai, China), Hexanal (Mw = 100.16, Tihiai
Industrial Development Co., Ltd., Shanghai, China), 2,2,2-Trifluoroethanol (TFEA, Mw = 100.04, Shanghai
Macklin Biochemical Co., Ltd., Shanghai, China), Poly(e-caprolactone) (PCL, Mw = 80,000, Shanghai
Macklin Biochemical Co., Ltd., Shanghai, China), 1,2-dichloroethane(DCE, Tihiai Industrial Development
Co., Ltd., Shanghai, China).

2.2 Instruments

A fruit hardness scale (310-132 GY-2, Sanliang, Tokyo, Japan), a fruit sweetness meter (BM-04, Nohawk,
Fuzhou, China), a field emission scanning electron microscope (SEM, Quanta FEG, FEI Company, Hillsboro
OR, USA), a transmission electron microscope (TEM, Tecnai G2 F30, FEI Company, Hillsboro, OR, USA),
a Fourier transform infrared spectrometer (FT-IR, SPECTRUMI00, Perkin Elmer, Shelton, CT, USA), a
contact angle meter (DSA30, KRiSS GmbH, Hamburg, Germany), a vacuum drying oven (DHG-9070A,
Gongyi City Yuhua Instrument Co., Ltd, Gongyi, China), an electronic analytical balance (BSA224S-CW,
Sartorius Stedim Biotech, Gottingen, Germany), a magnetic stirrer (MS-M-S10, DLAB Scientific Co., Ltd.,
Beijing, China), a micro syringe pump (KDS100, Cole-Parmer, Shanghai, China).

2.3 Preparation of Porous Hollow Nanospheres (PHNs)

1,4-Benzenedimethanol (1 mmol, 138.2 mg) was dissolved in 100 mL of DCE in a flask. To this solution,
FeCl; (2 mmol, 324.4 mg) was added, and the reaction was conducted at 80°C under a nitrogen atmosphere.
The Friedel-Crafts hypercrosslinking reaction was allowed to proceed for 24 h with moderate stirring.
After completion, the precipitate was washed with ethanol/water (4:1) solution, filtration was completed
and extracted using a Soxhlet extractor for 24 h. Finally, it was dried in a vacuum oven at 80°C to obtain
brown granules.

2.4 Preparation of Porous Hollow Nanospheres Adsorbed Hexanal (Hex@PHNs)

PHNSs (10 mg) were ground into a fine powder and then mixed with a hexanal solution. The mixture
was stirred using a magnetic stirrer at room temperature for 24 h. The nanoparticles (Hex@PHNs) were then
separated by centrifugation at 1000 rpm for 10 min. Afterward, the nanoparticles were washed three times
with ethanol and dried in a vacuum oven for 24 h to obtain a brown powder.

2.5 Electrospinning PCL

A total of 1.0, 1.2, and 1.4 g of PCL were individually mixed with 10 mL of TFEA and stirred at room
temperature for 24 h using a heated magnetic stirrer until the particles were completely dissolved, resulting
in a clear, colorless solution. The prepared solution was then transferred into a 20 mL syringe and connected
to a propeller pump to ensure smooth flow from the spinning head. The spinning head was linked to a
high-voltage electrostatic generator using alligator clips, while aluminum foil was positioned 18 cm below
as the collecting device. The experiments were conducted at 23 + 4°C with 20 + 5% relative humidity. PCL
nanofibrous membranes were spun uniformly at a voltage of 6 kV and a flow rate of 0.6 mL/h.
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2.6 Electrospinning PCL/Hex@PHNs

A PCL/Hex@PHNs mixture with a weight ratio of 10% w/w was prepared by dispersing Hex@PHNs into
a 12% w/v PCL solution. The resulting PCL nanofibrous membrane, doped with 10% w/t Hex@PHNSs, was
fabricated through electrospinning at room temperature over a 12-h period. This membrane was designated
as 10 PCL/Hex@PHNSs. The electrospinning process was carried out at a voltage of 8 kV, a flow rate of
0.6 mL/h, with the experiment conducted at a temperature of 23 + 4°C and relative humidity of 20 + 5%.

3 Results and Discussion

3.1 Preparation and Characterisation of PCL/Hex@PHNs Nanofibrous Membrane

Fig. 1 illustrates the preparation of the PCL/Hex@PHNs nanofibrous membrane using the electro-
spinning technique. First, 1,4-benzenedimethanol was dissolved in a 1,2-dichloroethane solution, and
FeCl; was added as a catalyst. The solution was continuously stirred for 24 h and then dried to obtain
PHNs. Next, Hex@PHNs was prepared by grinding the PHNs into powder and immersing it in a hexanal
solution. The resulting Hex@PHNSs was then dispersed in a mixture of PCL and trifluoroethanol to form a
spinning solution. Finally, the PCL/Hex@PHNs nanofibrous membrane was successfully prepared using an
electrospinning device.
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Figure 1: Schematic representation of the synthesis process for the PCL/Hex@PHNs nanofibrous membrane

As shown in Fig. 2a,b, the microscopic appearance of the HCPs synthesized through the Friedel-
Crafts reaction is spherical, with a hollow interior and an outer spherical shell, characteristic of hollow
nanosphere morphology [42]. In previous work [24], the specific surface area and pore size distribution
of PHNs synthesised from the same monomers and cross-linkers were determined. The PHNs were found
to have a high specific surface area of 1069 m? g~ and a large number of micropores and mesopores
with an average pore size value of 6.23 nm. This provided for the release of hexanal molecules from the
spheres. In addition, thermogravimetric curves were also measured to analyse the thermal stability of the
PHNSs, and it was found that the PHNs exhibited excellent stability under nitrogen and air atmospheres
up to 400°C without significant thermal degradation. The PCL/Hex@PHNs fiber membrane was also
characterized, and Fig. 2¢ reveals an intertwined three-dimensional fiber network structure, with an average
fiber diameter of approximately 100 nm. During the electrospinning process, fluctuations in the spinning
voltage can cause variations in fiber diameter, which is reflected in the non-uniform thickness observed
in the image. Additionally, the TEM image in Fig. 2d shows that the Hex@PHNs are encapsulated within
the fibers, and their microscopic morphology remains unchanged, confirming the successful integration of
Hex@PHNs into the PCL nanofibers. Due to the small size of the hexanal molecules, their loading is not
clearly visible in the TEM images of Hex@PHNSs. Therefore, Fourier transform infrared (FT-IR) spectroscopy
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of PHNs, Hex@PHNs, and hexanal molecules were analyzed (Fig. 2¢). In the FT-IR spectrum of hexanal,
the absorption peaks between 2800-3000 cm™ correspond to C-H stretching vibrations, and the peak
near 1740 cm™! is attributed to the C = O stretch in the aldehyde group [43,44]. The FT-IR spectrum of
PHNs, synthesized through the self-assembly of 1,4-benzenedimethanol monomers, shows an absorption
peak around 3440 cm ™ for -OH stretching vibrations and another around 1604 cm™" for C = C stretching in
the aromatic ring. Furthermore, the C = O absorption peak of hexanal shifts from 1740 to 1700 cm™, likely
due to interactions between hexanal molecules and the nanomaterials. The FT-IR spectra of Hex@PHNs
show characteristic peaks of both hexanal and PHNs, providing evidence of the successful incorporation of

hexanal molecules.
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Figure 2: (a,b) Scanning electron microscope (SEM) images and Transmission electron microscope (TEM) images

of Hex@PHNs at different magnifications; (c,d) SEM images and TEM images of PCL/Hex@PHNs at different
magnifications; (e) FT-IR spectrum of hexanal molecules, PHNs, and Hex@PHNSs
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The hydrophobic nature of the fiber membrane effectively prevents water from penetrating from the
external environment, keeping the preserved fruits in a dry setting. This helps avoid the creation of a humid
environment that could promote the growth of bacteria and mold, thereby enhancing the preservation
efficiency of the fiber membrane [45]. As shown in Fig. 3a,b, the water contact angle of the PCL/Hex@PHNs
nanofibrous membrane was 123°, compared to 117° for the pure PCL fiber membrane, indicating improved
water resistance in the composite membrane. This enhancement can be attributed to the incorporation of
hexanal, a hydrophobic molecule [46]. Furthermore, the composite fiber membrane exhibits significant
antimicrobial properties due to the presence of hexanal molecules [47], making it highly promising for
fruit preservation applications. Fig. 3¢ shows the stress-strain curves of pure PCL fibrous membranes and
PCL/Hex@PHNs composite fibrous membranes, while Table 1 evaluates the mechanical properties of both
fibrous membranes. It was found that due to the introduction of Hex@PHNs powder, the elastic modulus
and elongation at break of the composite fibre membranes were reduced compared with that of the pure PCL
fibre membranes, but they still had excellent ductility with an elongation at break of 112.40%, which meets
the requirements of mechanical properties of fruit cling films.
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Figure 3: Contact angle images of (a) pure PCL and (b) PCL/Hex@PHNSs nanofibrous membranes and (c) their stress-
strain curves

Table 1: Mechanical propertise of pure PCL and PCL/Hex@PHNSs nanofibrous membranes

Samples Tensile stress (MPa) Elastic modulus (MPa) Elongation at break (%)

PCL 2.25 54.05 124.29
PCL/Hex@PHNs 2.39 46.84 112.40
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3.2 Food Preservation

Leveraging the hydrophobic properties, antibacterial capabilities, and the ability of hexanal molecules
to inhibit the enzymes that promote fruit ripening [47], the PCL/Hex@PHNs nanofiber membrane was used
to preserve strawberries, bananas, and kumquats. Four different fruit packaging systems were established to
investigate the practical application of this composite nanofiber membrane in fruit packaging: a blank group,
cling film, pure PCL fiber membrane, and PCL/Hex@PHNs fiber membrane.

Strawberries were placed in plastic boxes, with three of the groups wrapped in different films. The
changes in the four groups were then observed under room temperature conditions. Strawberries are particu-
larly challenging to preserve due to their high moisture content and fragile texture. As shown in Fig. 4a, by the
third day, all four groups of strawberries showed varying degrees of mold growth. However, the strawberries
wrapped in cling film and the pure PCL fiber membrane exhibited more severe mold growth compared to
the other two groups. This is likely because the blank control group lacked a film seal, allowing outside air to
ventilate and air-dry the moisture produced by the fruits, reducing mold growth. The strawberries wrapped
with the PCL/Hex@PHNs nanofiber membrane displayed the least mold growth by the third day due to
the combination of nanorods with a porous structure and hexanal molecules with antimicrobial properties,
which provided both a high microporous structure and enhanced antimicrobial effects.
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Figure 4: (a) Mycelial growth of mold and (b) weight changes of strawberries under different packaging conditions at
various time points (0, 1, 3, 5, and 7 days); (c) peel surface pressure and (d) TSS content (in °Brix) of strawberries in the
four groups after 7 days of storage
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On the 15th day, all strawberries showed mold and hyphal growth, and by the seventh day, all
strawberries were entirely covered with hyphae. Given the severe mold growth on the last day, it was
challenging to observe the anti-corrosion advantage of the PCL/Hex@PHNs nanofiber membrane. Therefore,
weight loss was recorded for each group of strawberries at different storage times (Fig. 4b). After 7 days, the
strawberries wrapped in plastic wrap exhibited the highest weight loss, at 5.61 g. The blank control group,
pure PCL fiber membrane group, and PCL/Hex@PHNs fiber membrane group showed weight losses of 4.79,
4.44, and 4.22 g, respectively. The cling film group had the highest weight loss, consistent with the most
severe mold growth on the third day, while the blank control group had the second-highest weight loss
due to exposure to air, which caused greater evaporation of water from the strawberries compared to the
other groups. As shown in Fig. 4¢, on the seventh day, the strawberries packaged with the PCL/Hex@PHNs
fiber membrane had the highest pressure on their skin, indicating that these strawberries retained the most
moisture, consistent with the lowest weight loss. Additionally, the strawberries in the PCL/Hex@PHN:s fiber
membrane group exhibited the highest total soluble solids (TSS) values (Fig. 4d). These results suggest that
the PCL/Hex@PHNSs nanofiber membrane helps slow down the reduction of moisture and sugar content in
strawberries during storage, maintains their structural integrity, delays softening, and ultimately prolongs
their freshness, providing a better taste for consumption.

As shown in Fig. 5a, after nine days of storage, bananas from the four different packaging conditions
displayed black decay spots on the peel. On the 7th day, the bananas in the cling film group exhibited more
severe decay compared to the other groups. This can be attributed to the airtight and humid environment
created by the cling film, which accelerated the ripening and decay of the bananas [48]. However, by the
ninth day, while the bananas packaged in regular cling film showed the most noticeable decay, the other
three groups showed minimal differences in the degree of decay. To further highlight the benefits of the
PCL/Hex@PHNs nanofiber membrane for banana preservation, we also measured the weight loss, skin
pressure, and pulp sugar content of the bananas on the final day (Fig. 5b-d).
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Figure 5: (Continued)
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Figure 5: (a) Peel changes and (b) weight variations of bananas under different packaging conditions at various time
points (0, 3, 5,7, and 9 days); (c) peel surface pressure and (d) TSS content (in °Brix) of bananas in the four groups after
9 days of storage

After 9 days of storage, the weight loss of bananas in the blank control group, cling film group, pure
PCL fiber film group, and PCL/Hex@PHNs fiber film group were 8.13, 7.94, 7.04, and 6.41 g, respectively.
Additionally, among the four groups, the blank control group exhibited the lowest skin pressure, indicating
that the open packaging system allowed for significant water evaporation from the banana pulp, resulting
in a floppy peel. On the other hand, the PCL/Hex@PHNs fiber membrane group showed the lowest
weight loss, the highest skin pressure, and the highest TSS value, demonstrating that the composite fiber
membrane effectively slowed down both water evaporation and decay while preserving the taste and quality
of the bananas.

Since kumquats can be stored for extended periods under ambient conditions [49], none of the four
groups of kumquats showed signs of mold or decay after 17 days of storage. However, compared to day one,
noticeable wrinkles appeared on the rind of kumquats in all groups after 17 days, and the firmness of the
fruit decreased (Fig. 6a). The weight loss of the kumquats in the four groups was measured at different time
points (Fig. 6b). The blank control group, cling film group, pure PCL fiber film group, and PCL/Hex@PHNs
fiber film group showed weight losses of 20.26, 19.30, 19.05, and 18.80 g, respectively. These results suggest
that the composite fiber film helps delay water loss in kumquats, thus preserving their freshness to some
extent. As shown in Fig. 6¢,d, skin pressure and TSS values of the kumquats on the 17th day were also
measured. Kumquats wrapped in the PCL/Hex@PHNs fiber membrane exhibited the highest skin pressure
and TSS values, indicating better texture and taste. This further demonstrates the superior ability of the
PCL/Hex@PHNs fiber membrane to maintain the freshness of kumquats.
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Figure 6: (a) Peel changes and (b) weight variations of kumquats under different packaging conditions at various time
points (0, 5, 11, 15, and 17 days); (c) peel surface pressure and (d) TSS content (in °Brix) of kumquats in the four groups
after 17 days of storage

Based on the freshness preservation results of strawberries, bananas, and kumquats across the four
different packaging conditions, it is evident that the PCL/Hex@PHNs composite fiber film offers the best
preservation performance. This film effectively reduces water evaporation from the three types of fruit,
prolonging their taste and quality. The superior performance is attributed to the unique three-dimensional
cross-linked network structure of the PCL/Hex@PHNs fiber membrane, which provides excellent air
permeability and regulates the humidity and oxygen concentration inside the package, ensuring optimal
storage conditions for the fruits [50]. Additionally, the antimicrobial properties of the hexanal molecules
and the porous structure of the nanospheres in the composite membrane inhibit microbial growth and slow
down the fruit decay process, ultimately extending the freshness of the fruit [51,52].

4 Conclusions

In conclusion, porous nanostructures significantly enhance the freshness preservation performance
of fiber membranes, thereby extending the shelf life of fruits. The self-assembly method based on HCPs
effectively encapsulated the hexanal molecules within the hollow spheres, ensuring their uniform distri-
bution and controlled release within the fiber membranes. This slow release allows the hexanal molecules
to maintain their antimicrobial effects over an extended period. Moreover, the three-dimensional network
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structure of the fiber membrane not only provides excellent air permeability but also regulates the internal
environment to further inhibit microbial growth, thus preserving the fruits’ palatability for a longer time.
The superior performance of the PCL/Hex@PHNs composite fiber membrane in reducing weight loss,
maintaining skin pressure, and retaining sugar content in strawberries, bananas, and kumquats further
underscores its potential for use in fruit preservation. This study not only enhances the performance of food
packaging materials but also offers new insights for future research into fruit preservation technologies.
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