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ABSTRACT: Gray mold disease induced by Botrytis cinerea is a devastating fungal infectionthat severely impairs
the production of fruits and vegetables, especially strawberries. Conventional chemical fungicides not only cause
severe environmental contamination but also readily induce fungicide resistance in Botrytis cinerea. Applying plant-
derived natural antimicrobial agents, such as eugenol, as alternatives to chemical fungicides is a pivotal strategy
for the development of green agriculture. However, ordinary eugenol emulsion biopesticides suffer from severe
drawbacks, including easy leaching, rapid volatilization, and oxidation, which severely limits their effective control
against Botrytis cinerea. In this study, an anionic waterborne polyurethane (PEOC-WPU) emulsion was synthesized
using biodegradable poly[(ethylene carbonate)-co-(ethylene oxide)] (PEOC) as the soft segment, and eugenol was
incorporated to construct an antimicrobial slow-release system. After film formation, the polyurethane matrix
served as a robust slow-release carrier for eugenol, thereby yielding a waterborne polyurethane antimicrobial
slow-release film with long-lasting and efficient resistance to Botrytis cinerea. The chemical structure of PEOC-
WPU was systematically characterized by proton nuclear magnetic resonance spectroscopy (1H NMR) and Fourier
transform infrared spectroscopy (FT-IR). The PEOC-WPU film exhibited excellent anti-protein adsorption properties
and resistance to Botrytis cinerea spore adhesion, which synergistically enhanced its efficacy against the pathogen.
The slow release of eugenol from the antimicrobial film was verified. The inhibitory effects of slow-release film on the
germination andmycelial growth of Botrytis cinerea spores were further investigated, and the results demonstrated that
the antifungal activity was positively correlated with eugenol loading amount, with the film containing 10% eugenol
displaying superior resistance to Botrytis cinerea. By combining the effects of spore-adhesion inhibitionand sustained-
release antibacterial activity of eugenol, the eugenol/waterborne polyurethane emulsion can effectively control gray
mold disease on strawberry. Furthermore, the PEOC-WPU antimicrobial slow-release film is biodegradable, posing no
persistent environmental risks. This study not only provides an environmentally benign novel strategy for controlling
Botrytis cinerea but also opens up a feasible pathway for the efficient and stable application of natural antimicrobial
agents in agriculture.
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1 Introduction

The Botrytis cinerea is a necrotrophic fungus that can survive in plant residues for an extended period
in the form of hyphae, conidia or sclerotia [1,2], leading to its widespread dissemination [3–5]. It can infect
numerous economically important fruits and vegetables including tomatoes, strawberries, blueberries and
grapes, causing gray mold disease and resulting in yield and quality losses [6–8]. At present, the chemical
control relying on synthetic fungicides remains the dominant measure for the management of gray mold
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disease. Nevertheless, the overuse and misuse of chemical fungicides have caused serious environmental
pollution, including soil and water contamination, and have accelerated the evolution of fungicide-resistant
Botrytis cinerea [9,10].

The plant-derived antimicrobial agents have attracted extensive attention due to their low environmen-
tal impact, high ecological safety and low tendency to induce resistance. Eugenol (Eu), a natural phenolic
compound extracted from clove, cinnamon, nutmeg and basil, exhibits significant antimicrobial activity and
good ecological safety [11–13]. Previous studies have elucidated that eugenol can destroy the cell mem-
brane structure of Botrytis cinerea, increase membrane permeability, and cause the leakage of intracellular
electrolytes, thereby inhibiting hyphal growth and spore germination [14–16]. Nevertheless, the practical
application of eugenol to control gray mold disease is severely limited by its inherent physicochemical
properties such as high volatility, easy oxidation and poor water solubility, which lead to rapid loss of
bioactivity and low utilization efficiency. In recent years, new formulations such as nanoemulsions and
microcapsules based on eugenol have improved its stability and durability [17,18]. Unfortunately, these
formulation technologies suffer from complex processes and high costs; moreover, most carrier materials
used are non-biodegradable, which may pose potential long-term environmental risks and thus restrict their
agricultural application. Waterborne polyurethane emulsion (WPU) is widely used due to its environmental
friendliness and good film-forming property [19]. Notably, WPU can effectively load oil-soluble eugenol
through emulsion encapsulation to realize its sustained release, thus effectively improving the stability
of eugenol resistance to Botrytis cinerea, which makes it an ideal carrier material for eugenol. For exam-
ple, vegetable oil-based waterborne polyurethane emulsions have been used for the controlled release of
agricultural fertilizers due to their environmental friendliness, renewable sources and degradability [19,20].

The spores of Botrytis cinerea are mainly spread by air, rainwater and other means [21–23]. After
spores settle on plants, they secrete mucilage to adhere to the surface, which is a prerequisite for subsequent
spore germination and host colonization. Then they infect plants through the “appressorium” pathway:
under suitable conditions, they germinate to form germ tubes with appressoria, which penetrate the cuticle
of plant epidermis or enter plant tissues through natural orifices and wounds to achieve infection [24]. Since
the initial adhesion of spores on plants for infection is mediated by the secretion of mucilage composed of
protein and polysaccharide [25], protein-resistant materials can effectively reduce the adhesion of microbial
cells (including bacteria and fungal spores) to material surfaces [26]. Therefore, the development of a
slow-release carrier material with spore adhesion-resistant for eugenol is expected to achieve a synergistic
effect of physical adhesion inhibition and chemical antifungal activity, thereby significantly improving the
control efficiency against Botrytis cinerea.

In our previous study, we designed and synthesized an poly[(ethylene carbonate)-co-(ethylene oxide)]
(PEOC) with both protein resistance and antimicrobial adhesion. It is also a biodegradable, eco-friendly
material [26]. In the present study, an anionic waterborne polyurethane (PEOC-WPU) was synthesized
using PEOC as the soft segment and 2,2-dimethylolbutanoic acid (DMBA) as the hydrophilic chain extender.
Eugenol was loaded into the polyurethane emulsion by emulsion encapsulation method. The eugenol/PEOC-
WPU composite film formed from emulsion is expected to achieve the slow release of eugenol and resist
the adhesion of Botrytis cinerea spores, thus achieving efficient resistance to Botrytis cinerea.

2 Experiments

2.1 Materials

1,4-Butanediol (1,4-BDO) and ethylene carbonate (EC) were purchased from Macklin Co., Ltd., tetrahy-
drofuran (THF), acetone and diethyl ether were purchased from Chuandong Chemical Co., Ltd., and all of
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them were refluxed with calcium hydride and distilled before use. Isophorone diisocyanate (IPDI), dibutyltin
dilaurate (DBTDL), 1,6-hexanediol diglycidyl ether (HDDGE), 2,2-dimethylolbutanoic acid (DMBA) and
polypropylene glycol (PPG(OH)2, Mn = 2000 g/mol) were purchased from Macklin Co., Ltd. t-BuP4 catalyst
was purchased from Sigma Aldrich, and eugenol (Eu) was purchased from Energy Chemical Co., Ltd. and
used without further purification All the above reagents were of analytical grade. Bovine serum albumin
(BSA) and lysozyme (Lys) were purchased from Aldrich. The molecular weights (Mw) of BSA and Lys
were 68 kDa and 14.7 kDa, respectively, and their isoelectric points (pIs) were 4.8 and 11.1, respectively.
Phosphate-buffered saline (PBS, 0.1 M, pH 7.4) was prepared by dissolving Na2HPO4, NaCl, KH2PO4 and KCl
in distilled water. Proteins were dissolved in PBS buffer to a concentration of 1.0 mg/mL. Potato Dextrose
Agar (PDA) was purchased from Haibo Biotechnology Co., Ltd. The strain of Botrytis cinerea was purchased
from the China Agricultural Culture Collection of Microorganisms.

2.2 Synthesis of Spore Adhesion-Resistant Waterborne Polyurethane

2.2.1 Synthesis of Dihydroxyl-Terminated PEOC

Dihydroxyl-terminated PEOC (PEOC(OH)2) was prepared by anionic ring-opening polymerization
(ROP) of ethylene carbonate (EC) initiated by the organononmetallic phosphazene base t-BuP4 according to
the literature method [26]. The synthesis experiment was carried out in a 50 mL Schlenk flask equipped
with a rubber stopper for sample injection. The Schlenk flask was thoroughly dried after three cycles of
flaming, vacuuming and nitrogen filling. Typically, EC (21.134 g, 240 mmol) and BDO (0.432 g, 4.8 mmol)
were added at a molar ratio of monomer to initiator of 50:1. The reaction mixture was thoroughly degassed
after three freeze-pump-thaw cycles. After the reaction mixture was melted, t-BuP4 catalyst (0.24 mmol, 1%
of the monomer amount) was added under a nitrogen atmosphere. The reaction system was heated to 180◦C
for reaction, during which the solution gradually turned yellow with gas generation. The reaction was
terminated by adding a small amount of phosphoric acid after 4 h. The reaction mixture was precipitated
in a large amount of diethyl ether to remove unreacted substances, and the purified polymer was dried
in vacuum at 100◦C. Characterized by 1H NMR according to the literature method, PEOC had a relative
molecular weight of 3100 g/mol, with the content of ethylene carbonate (EC) units and ethylene oxide (EO)
units in the molecular chain being 21% and 79%, respectively.

2.2.2 Synthesis of PEOC-WPU

The synthetic route of waterborne polyurethane using dihydroxyl-terminated PEOC as the soft segment
is shown in Fig. 1. Typically, the synthesized PEOC (0.774 mmol, 2.4 g) was added to a three-necked flask
equipped with a nitrogen inlet, a reflux condenser and a magnetic stir bar, and dehydrated in vacuum at
100◦C for 1 h. The three-necked flask was cooled to 80◦C, and 10 mL of acetone was added to dissolve PEOC
under a nitrogen atmosphere, followed by the addition of IPDI (2.568 g, 11.5 mmol) for 1 h of reaction to
obtain an NCO-terminated prepolymer. Then, the hydrophilic chain extender DMBA (0.36 g, 2.43 mmol),
BDO (0.492 g, 5.47 mmol) and DBTDL (45 µL) were dissolved in 10 mL of acetone, added to the flask and
reacted for 3 h. The three-necked flask was cooled to 50◦C, and triethylamine (169 µL, 2.43 mmol) was added
under a nitrogen atmosphere for ionization reaction for 45 min. After the three-necked flask was cooled
to room temperature, distilled water and ethylenediamine (189 µL, 2.826 mmol) were added successively
under vigorous stirring for emulsification and dispersion for 40 min. Finally, acetone in the emulsion was
removed by rotary evaporation to obtain waterborne polyurethane PEOC-WPU.
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Figure 1: Synthetic route of PEOC-WPU.

2.3 Preparation of Eugenol/Waterborne Polyurethane Emulsion and Antimicrobial Slow-Release Film

A certain mass of the natural antimicrobial agent eugenol (Eu) was added during the emulsification
and dispersion of the above PEOC-WPU waterborne polyurethane to prepare a series of antimicrobial
slow-release emulsions with different eugenol contents, designated as PU-E-x, where x (x = 0, 1, 5, 10, 15)
represents the mass fraction (%) of eugenol in the slow-release emulsion.

A certain amount of eugenol/waterborne polyurethane slow-release emulsion was mixed uniformly
with HDDGE crosslinking agent at a mass fraction of 10% of PU. The mixed emulsion was cast into a film in a
mold, dried at room temperature for 12 h, and then dried at 50◦C for 12 h to obtain the eugenol/polyurethane
antimicrobial slow-release film. Among them, the polyurethane film for contact angle test was formed on
glass slides, the films for spore adhesion resistance testing were formed on epoxy resin plates, the film
for Botrytis cinerea resistant test was formed on petri dishes, and the film for QCM-D test was formed on
quartz crystal chips.
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2.4 Characterization

FT-IR: All FT-IR spectra were recorded on a Bruker VECTOR-22 infrared spectrometer by the KBr
pellet method with 64 scans and a spectral resolution of 4 cm−1.

1H NMR: All 1H NMR spectra were obtained on a Bruker AV 600 nuclear magnetic resonance spec-
trometer with CDCl3 as the solvent and tetramethylsilane (TMS) as the internal standard.

Swelling Behavior and Crosslinking Density Measurement: The equilibrium swelling method
was used to explore the swelling behavior of polyurethane films, and their crosslinking density was
calculated following the method reported in the literature [27]. Polyurethane film samples were cut into
pieces with uniform sizes, vacuum-dried at 60◦C to a constant weight, and then weighed to record the
initial mass M1. The samples were immersed in deionized water for swelling at room temperature. The
samples were taken out at different time points, the surface moisture was gently wiped off with filter paper,
and the mass M2 was quickly measured. After the samples achieved swelling equilibrium, they were dried
again at 60◦C to a constant weight, and the mass M3 was obtained.

Mechanical Properties: Waterborne polyurethane was fabricated into standard dumbbell-shaped
specimens in a polytetrafluoroethylene mold. The mechanical properties of polyurethane samples were
tested using a universal material testing machine (LD22.501) according to GB/T 1040-2006. The test
parameters were set as: tensile speed 30 mm/min, maximum load 50 N, and test range 0–50 N. Each sample
was measured three times to ensure the accuracy of test results. All obtained parameters were the average
values of the three measurements.

Contact angle (CA) test: 4 µL of deionized water was dropped on the antimicrobial polyurethane film,
and the contact angle of the film was measured at 25◦C using a Contact Angle System OCA40 (Dataphysics).
The contact angle of each sample was measured at least three different positions, with the average value as
the contact angle of the sample and the standard deviation as the error.

Quartz crystal microbalance with dissipation (QCM-D) measurement: The protein adsorption
and eugenol release experiments of the eugenol/polyurethane antimicrobial slow-release film were carried
out on a QCM-D (Q-Sense AB, Sweden) using AT-cut quartz crystal chips with a resonant fundamental
frequency of 5 MHz and a diameter of 14 mm. Theoretically, QCM-D can simultaneously measure the
changes in dissipation (ΔD) and resonant frequency (Δf ) in real time. Δf reflects the mass change of the
film on the quartz crystal chip, while ΔD represents the viscoelasticity of the film on the quartz crystal
chip [28]. Therefore, the curves of Δf and ΔD versus time can reflect the mass and structural changes
caused by protein adsorption on the film or eugenol release from the film. Since the Δf and ΔD values
recorded at the first overtone (n = 1) are usually noisy [28], all ΔD and Δf curves obtained from QCM-D
tests used the data of the third overtone. All QCM-D tests were performed at 25◦C and repeated three times.
In the protein adsorption experiment, 0.1 M PBS was used as the solvent and mobile phase for proteins.

2.5 Release Experiment of Eugenol

The eugenol/waterborne polyurethane emulsion was poured into a polytetrafluoroethylene mold to
form films. A 0.1 g piece cut from the eugenol-loaded waterborne polyurethane sustained-release film was
immersed in 3.0 mL of 10 mM PBS solution (pH 7.4) at 37◦C for eugenol release testing. At predetermined
time intervals, 100 µL of the release medium was withdrawn. The concentration of eugenol in PBS solution
was determined by a UV-Vis spectrophotometer at the wavelength of 281 nm to calculate the cumulative
release amount of eugenol from the sustained-release film.
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2.6 Biodegradation Test of PEOC-WPU Films

Eugenol-loaded waterborne polyurethane sustained-release films were fabricated on epoxy resin
plates (20 × 20 mm) via solution casting method. The films were first dried at room temperature for 24 h,
followed by drying at 50◦C for 48 h until constant weight. The initial total mass of the epoxy resin plate
together with the film sample was recorded as W 0. Lipase (PS) was dissolved in 10 mM PBS buffer solution
(pH 7.4) to prepare a lipase solution with a concentration of 5 mg/mL. The epoxy resin plates attached with
polyurethane films were immersed in 13 mL of the above enzyme solution, and incubated at 45◦C with
shaking at 50 rpm. Fresh enzyme solution was replaced every two days to maintain the activity of lipase.

At an interval of two days, the samples were taken out, treated with 1% OP-10 solution and then
rinsed with distilled water to remove degradation products. After the polyurethane films were dried at
50◦C to constant weight, the total mass of the films combined with epoxy resin plates was measured and
recorded as Wt. Subsequently, the samples were placed into newly prepared enzyme solution to continue
the degradation process.

The residual mass fraction (wt%) of the degraded polyurethane films was calculated using the following
formula:

Residual mass (wt%) = (𝑊t −𝑊panel)/(𝑊0 −𝑊panel) × 100%,

whereW 0,W t andW panel represent the initial mass of the WPU film together with the epoxy resin plate,
the total mass after degradation for t days, and the mass of the bare epoxy resin plate, respectively. Each
type of polyurethane material was tested in triplicate, and the average value was adopted as the final
residual mass.

2.7 Spore Adhesion-Resistant Performance Test

Preparation ofBotrytis cinerea spore suspension: On an aseptic operating table, the Botrytis cinerea
strain was inoculated on PDA medium and cultured at 25 ± 2◦C until the medium was covered with fungal
spores. 10 mL of sterile water was poured into the above medium covered with spores, and the spores
were washed out by gently scraping the fungal colony surface with a sterile inoculation loop. The spore
suspension was poured into an Erlenmeyer flask containing glass beads, which was then placed on a shaker
and shaken for 2–3 h to completely disperse the spore clusters. The spore suspension was filtered with
gauze to remove hyphal debris and diluted with sterile nutrient solution to obtain a spore suspension with
a fungal spore count of ~5 × 105 CFU/mL.

Spore adhesion-resistant performance test: Blank and surface-filmed epoxy resin plates were
immersed in liquid PDA medium, and 1 mL of Botrytis cinerea spore suspension was added, followed by
constant temperature shaking culture in a water bath at 25◦C for 12 h. The no-adhered Botrytis cinerea
spores on the surface were washed off with sterile water, and the epoxy resin plates were immersed in sterile
water and sonicated for 8–10 s to detach the adhered spores into the sterile water. 1 mL of the suspension
was pipetted and evenly spread on solid PDA medium, which was then placed in a constant temperature
and humidity chamber at 25 ± 2◦C and 90% relative humidity (RH) for continuous culture for 5 days. The
growth of Botrytis cinerea was recorded by photographing every day, and the number of Botrytis cinerea
colonies on the PDA medium was calculated using ImageJ software. Each sample was measured three times,
with the average value as the colony number of the sample and the standard deviation as the error.
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2.8 Botrytis Cinerea Resistant Performance Test

The anti-fungal activity of the material was evaluated by the inhibition experiment of PU-E slow-release
film on the germination and growth of Botrytis cinerea spores. First, a PU-E antimicrobial slow-release film
was prepared at the bottom of a petri dish and sterilized by ultraviolet radiation for 1 h, then sterile PDA
medium was poured in. After cooling, 1 mL of Botrytis cinerea spore suspension was added and evenly
spread. The petri dish was placed in a constant temperature and humidity chamber at 25 ± 2◦C and 90%
RH for continuous culture for 5 days, and the growth of Botrytis cinerea was recorded by photographing
every day. For the quantitative analysis of the infection rate, the area of the PDA medium (S) and the total
area of Botrytis cinerea plaques formed (SB) in each photograph were calculated using ImageJ software, and
the infection rate was expressed as the ratio of the plaque area to the medium area, i.e., infection rate = SB/S.
Each sample was measured three times, with the average value as the infection rate of the sample and the
standard deviation as the error.

2.9 Control Efficacy of Eugenol/Waterborne Polyurethane Sustained-Release Films against Strawberry
Gray Mold Disease

Fresh and undamaged strawberries were used to evaluate the control efficacy against strawberry
gray mold disease. To remove surface contaminating bacteria, all strawberries were soaked in sodium
hypochlorite solution with 0.5% available chlorine for 6–10 s, followed by rinsing 2–3 times with sterile
water. The surfaces of strawberries were sprayed with eugenol/waterborne polyurethane emulsion, and
deionized water was set as the control. After the surface moisture was air-dried on a clean bench, the
strawberries were subjected to ultraviolet sterilization for 30 min. Afterwards, the spore suspension was
sprayed onto the strawberry surfaces. When the surface became completely dry, the strawberries were
placed into petri dishes and incubated in an incubator at 25 ± 2 ◦C with relative humidity (RH) of 90% for
7 days. The growth status of gray mold on strawberry surfaces was photographed and recorded every day.
To quantitatively assess the control effect of eugenol/waterborne polyurethane against strawberry gray
mold disease, ImageJ software was applied to calculate the total area of each strawberry (Ss) and the area of
gray mold lesions (Sg) in the photographs. The infection rate was defined as the area ratio of mold lesions
to the total strawberry area (Sg/Ss). Each sample was measured in triplicate, and the average value was
taken as the final infection rate.

3 Results and Discussion

3.1 Synthesis and Characterization of Waterborne Polyurethane with Anti-Protein Adsorption

The chemical structures of PEOC and PEOC-WPU were analyzed by 1H NMR and FT-IR.
Fig. 2 shows the 1H NMR spectra of the synthesized dihydroxyl-terminated PEOC and the waterborne

polyurethane PEOC-WPU synthesized with PEOC as the soft segment. As shown by the black line in
Fig. 2, the three peaks at δ = 3.63, 3.71 and 4.27 ppm were assigned to OCH2CH2O, OCOOCH2-CH2O and
OCOOCH2 in PEOC, respectively. The peak at δ = 4.64 ppm belongs to the unreacted ethylene carbonate
monomer, and the peak at δ = 1.90 ppm is assigned to the terminal hydroxyl group of PEOC. The number-
average molecular weight (Mn) of PEOC was calculated to be 3100 g/mol from the area of these peaks, with
the content of ethylene carbonate (EC) units and ethylene oxide (EO) units in the molecular chain being
21% and 79%, respectively.
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Figure 2: 1H NMR spectra of PEOC and PEOC-WPU.

As shown by the red line in Fig. 2, after the synthesis of polyurethane with PEOC as the soft segment,
the signals in the range of δ = 1.0–2.2 ppm are attributed to -CH2- and -CH3 in the IPDI units. Compared with
the 1HNMR spectrum of PEOC, two obvious new absorption peaks appeared at δ = 2.91 and 4.05 ppm, which
were ascribed to CH2-NHCOO and NHCOO-CH2 in the carbamate group, respectively. The three peaks
of PEOC at δ = 3.63, 3.71 and 4.27 ppm are present in the 1H NMR spectrum of waterborne polyurethane,
indicating that PEOC has successfully reacted as the soft segment of polyurethane. These nuclear magnetic
resonance results confirm the successful synthesis of anionic waterborne polyurethane with PEOC as the
soft segment.

Fig. 3 shows the FT-IR spectra of the synthesized dihydroxyl-terminated PEOC and the waterborne
polyurethane PEOC-WPU synthesized with PEOC as the soft segment. As shown by the black line in Fig. 3,
the peak at 3480 cm−1 is assigned to the stretching vibration peak of -OH in PEOC; the peak at 1749 cm−1

is the stretching vibration peak of C=O; the peaks at 1126 cm−1 and 1256 cm−1 are the stretching vibration
peaks of C-O in EC and EO units, respectively. The appearance of these peaks indicates the successful
synthesis of dihydroxyl-terminated PEOC. As shown by the red line in Fig. 3, after the formation of
polyurethane with PEOC as the soft segment, the hydroxyl stretching vibration peak of PEOC at 3480 cm−1

disappeared. The peaks at 3330 cm−1 and 1531 cm−1 are assigned to the stretching and bending vibration
peaks of N-H in carbamate, and the peak at 1708 cm−1 is the stretching vibration peak of C=O in carbamate.
The presence of these peaks indicates the formation of carbamate structures in the polymer [29]. The
appearance of the peak at 1256 cm−1 confirms that PEOC has successfully reacted as the soft segment of
polyurethane. The peak at 2948 cm−1 is the symmetric and asymmetric vibration peak of methyl (-CH3) or
methylene (-CH2-) groups in WPU. No peak was observed near 2270 cm−1 in the spectrum of PEOC-WPU,
indicating that all isocyanate groups (-NCO) in IPDI have completely reacted to form carbamate groups [30].
The broad peak at 3530 cm−1 is assigned to the stretching vibration peak of -COOH in the hydrophilic chain
extender DMBA. This is consistent with literature reports [31,32]. Therefore, the infrared spectroscopy
results confirm the successful synthesis of ionic waterborne polyurethane.
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Figure 3: FT-IR spectra of PEOC and PEOC-WPU.

3.2 Preparation and Characterization of Eugenol/Waterborne Polyurethane Emulsion

Antimicrobial slow-release emulsions with different eugenol contents were prepared by incorporating
eugenol into waterborne polyurethane. The appearance of the emulsions is shown in Fig. 4. It can be seen
from the Fig. 4 that the color of the antimicrobial slow-release emulsion turned slightly yellow with the
increase of eugenol content from 0 to 15%. To evaluate the stability of the as-prepared eugenol/waterborne
polyurethane emulsion, the particle size and zeta potential of the freshly prepared emulsion and the
emulsion stored for 6 months were tested. The results are shown in Fig. 4F,G. It can be observed from Fig. 4F
that the particle size of the freshly prepared eugenol/waterborne polyurethane emulsion is in the range of
110–140 nm. After 6 months of storage, the particle size distribution presented a bimodal pattern, with new
peaks emerging at around 30 nm and 300 nm. This is because the larger micellar particles in the original
emulsion gradually aggregate, while the smaller micelles remain stable, resulting in a bimodal distribution.
The zeta potential of all freshly prepared emulsions is approximately −26 mV, which is typical of anionic
waterborne polyurethane. After 6 months of storage, the zeta potential decreases to −40 mV~−50 mV. This
change was due to the fact that more charged groups were exposed when the micelles in the waterborne
polyurethane lotion were fused and recombined. Although all waterborne polyurethane emulsions undergo
a certain degree of aggregation, their particle sizes are still about 300 nm, and a large number of settleable
particles with sizes of tens of micrometers are not formed. Meanwhile, all the above sustained-release
emulsions exhibit no obvious precipitation after standing for 6 months. This result is consistent with the
changes in particle size distribution and zeta potential after 6 months of storage. These results indicate that
the waterborne polyurethane antimicrobial slow-release emulsion has good stability.
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Figure 4: Appearance of eugenol/PEOC-WPU antimicrobial slow-release emulsions: (A): PU-E-0; (B): PU-E-1; (C): PU-E-5;
(D): PU-E-10; (E): PU-E-15. The size distribution (F) and ξ potential (G) of eugenol/PEOC-WPU antimicrobial slow-release
emulsions.

3.3 Preparation and Characterization of Antimicrobial Slow-Release Film

Fig. 5 shows the FT-IR spectra of the eugenol/waterborne polyurethane antimicrobial slow-release film
before and after crosslinking. As shown by the red line in Fig. 5, a new peak appeared near 1580 cm−1,
which is the characteristic peak of the benzene ring in eugenol, indicating that eugenol has been successfully
incorporated into the PEOC-WPU waterborne polyurethane antimicrobial slow-release film. Compared with
the FT-IR spectrum of PEOC-WPU, the absorption peak of the eugenol/waterborne polyurethane antimicrobial
slow-release film in the range of 3200–3600 cm−1 became broader and stronger. This is the result of the
superposition of the stretching vibration peaks of the phenolic hydroxyl group of eugenol and the -NH-
group of polyurethane, and the broader absorption peak indicates the formation of hydrogen bonds between
them. The formation of intermolecular hydrogen bonds between eugenol and polyurethane is conducive to
delaying the release of eugenol from the slow-release film, thus realizing the sustained release of eugenol and
prolonging the antimicrobial time of the slow-release film. A cross-linked antimicrobial slow-release film
(PEOC-WPU-Eu-H) was formed by adding the crosslinking agent HDDGE to the waterborne polyurethane
emulsion. As shown by the blue line in Fig. 5, compared with the slow-release film before crosslinking, the
peak shape at 3420 cm−1 becomes broader due to the formation of more hydrogen bonds after crosslinking.
The C-O-C stretching vibration peak at 1126 cm−1 is enhanced compared with that before crosslinking,
because the crosslinking agent HDDGE introduces ether bonds and new ether bonds are formed after the
ring-opening of the epoxy groups of the crosslinking agent. These infrared spectroscopy results confirm the
successful crosslinking of the eugenol/waterborne polyurethane antimicrobial slow-release film.

The wettability of the slow-release films was investigated by water contact angle measurement. The
results are shown in Fig. 6A. The contact angle of pure PEOC-WPU was 35◦, indicating that the pure
waterborne polyurethane film exhibited strong hydrophilicity, which is due to the ionized carboxyl groups
in polyurethane and the EO units in PEOC being hydrophilic. The hydrophilic EO units can form a stable
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hydration layer on the surface of the slow-release film, and their introduction can endow the film with
anti-protein adsorption properties, preventing the adhesion and infection of fungal spores on the film. The
water contact angle gradually increases to 61◦ with the increase of eugenol content in the antimicrobial
slow-release film from 0 to 15%, indicating that the introduction of eugenol significantly improves the
hydrophobicity of the slow-release film, which is attributed to the highly hydrophobic benzene ring structure
in eugenol. The formation of hydrogen bond structures between the phenolic hydroxyl group of eugenol
and carbamate bonds also contributes to the improvement of hydrophobicity [33].

 

Figure 5: FT-IR spectra of eugenol/PEOC-WPU antimicrobial slow-release films before and after crosslinking.

 

Figure 6: Characterization of Antimicrobial Slow-release Film: (A) Water contact angles of PEOC-WPU antimicrobial
slow-release films; (B) Swelling behavior of waterborne polyurethane films in deionized water; (C) Tensile stress-strain
curves of sustained-release waterborne polyurethane films with different eugenol contents.



12 J Polym Mater. 2026;43(3):22

Fig. 6B shows the swelling behavior of waterborne polyurethane films in deionized water. The samples
exhibited a rapid water absorption rate at the early stage of immersion, and the swelling ratio increased
sharply and reached a maximum value of approximately 36.0% at about 4 h. Subsequently, the swelling
ratio decreased gradually and eventually leveled off, which may be attributed to the gradual leaching of
unreacted small molecules and oligomers in the system. According to themethod described in Reference [27],
the crosslinking density of the waterborne polyurethane film was calculated to be 1.88 × 10-2 mol/cm3

based on the equilibrium swelling results. The high crosslinking density indicated that a relatively stable
three-dimensional network structure was formed inside the material, which effectively hindered further
penetration of water molecules and improved the water resistance stability of the films.

As illustrated in Fig. 6C, the mechanical properties of the films first decreased and then increased
with the rise of eugenol content. Low eugenol contents (PU-E-1 and PU-E-5) exerted a plasticizing effect,
which reduced the tensile strength and enhanced the ductility of the materials. When the eugenol content
increased to 10% and 15%, the rigid aromatic ring structure and enhanced hydrogen bonding improved the
mechanical strength. Meanwhile, the movement of polymer chains was restricted, leading to a decline in the
elongation at break of the sustained-release films [34,35]. Accordingly, the materials gradually transformed
from high ductility and low strength to low ductility and high strength.

3.4 Biodegradability of Eugenol/Waterborne Polyurethane Sustained-Release Films

Fig. 7 presents the changes in residual mass of PU-E-0 and PU-E-10 eugenol/waterborne polyurethane
sustained-release films immersed in lipase solution at 45◦C as a function of time. The mass loss of the films
was caused by the biodegradation of carbonate bonds in PEOC. After 10 days of enzymatic degradation, the
mass of the waterborne polyurethane films decreased by approximately 20%, indicating that the materials
can be degraded by biological enzymes and exhibit biodegradability. In the degradation process, the PEOC
segments on the film surface containing carbonate bonds are degraded into small molecules by enzymes
and then dissolved in the solution. The film surface is continuously eroded by the enzyme solution, which
results in a gradual reduction in film mass. As the degradation time increases, the residual mass of both
eugenol-free PU-E-0 and eugenol-loaded PU-E-10 films declines gradually, and no significant difference
was observed in their degradation rates. This suggests that the introduction of natural antibacterial agent
eugenol has no influence on the biodegradation of waterborne polyurethane sustained-release films. The
results prove that PU-E-R films possess good biodegradation potential.

 
Figure 7: Changes in residual mass of eugenol/waterborne polyurethane. sustained-release films immersed in 5
mg/mL lipase solution with degradation time.
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3.5 Spore Adhesion Resistant Performance of Waterborne Polyurethane Films

The adsorption of proteins or glycoproteins is an important initial step for the attachment and infection
of plant tissues by Botrytis cinerea spores. Therefore, we investigated the anti-protein adsorption properties
of waterborne polyurethane films by QCM-D. In the protein adsorption experiment, bovine serum albumin
(BSA) and lysozyme (Lys) with different molecular sizes and charges were used as model proteins. The
molecular weights of BSA and Lys are 68 kDa and 14.7 kDa, and their isoelectric points are 4.8 and 11.1,
respectively. Fig. 8 shows the time dependence of the changes in energy dissipation (ΔD) and frequency
(Δf ) caused by the adsorption of BSA and lysozyme on the waterborne polyurethane film in 0.1 M PBS
(pH 7.4) at 25◦C.

 
Figure 8: Adsorption kinetics of Lys and BSA on the surface of PEOC-WPU films.

It could be seen from Fig. 8 that Δf dropped sharply after the Lys solution was introduced to the film
surface, which means that Lys was adsorbed on the surface of the PEOC-WPU film. Δf rised after rinsing
with PBS solution but still dropped by 12 Hz relative to the baseline, indicating that part of Lys was loosely
adsorbed on the film while a portion was tightly adhered to the film surface. Lys was positively charged
in PBS at pH 7.4 and generated electrostatic attraction with COO− on waterborne polyurethane, thus
being loosely adsorbed on the waterborne polyurethane film. After the introduction of BSA solution, Δf
decreased slightly and ΔD increased slightly, which were minor changes caused by the change of solution
concentration. When the BSA solution was replaced with PBS again, Δf and ΔD almost returned to the
baseline position. According to the principle of QCM-D, the increase in mass on the sensor surface caused a
decrease in Δf, while the increase in the thickness or viscoelasticity of the material on the sensor surface led
to an increase in ΔD. This indicated that the PEOC-WPU film had no adsorption to BSA protein. BSA was a
protein with hydrophobic groups and negative charge in 0.1 M PBS (pH 7.4). The anti-adsorption property
of the PEOC-WPU film to BSA was due to the formation of a dense hydration layer on the film surface
by the EO segments in the soft segment PEOC through hydrogen bonds, which prevent the interaction
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between proteins and the PU surface, resulting in the anti-protein adsorption property of the waterborne
polyurethane film. The anti-protein adsorption property of the waterborne polyurethane film would help
resist the adhesion of fungal spores and their subsequent infection.

We evaluated the spore adhesion-resistant performance of the PEOC-WPU film. Fig. 9 shows the
growth of spores detached from the surface of blank epoxy resin plates and PEOC-WPU films. The number
of colonies in each photograph was calculated using ImageJ, and Fig. 9C showed the change in colony
number with culture time. It could be seen from Fig. 9 that the number of colonies grown in both the blank
and PEOC-WPU groups increased with the extension of culture time. After 5 days of culture, the number
of colonies grown in the blank group was about three times that in the PEOC-WPU group (Fig. 9B). This
result indicated that the PEOC-WPU film had a certain Botrytis cinerea spore adhesion-resistant and could
effectively inhibit the colonization and germination of Botrytis cinerea spores on the material surface. Based
on the previous analysis of wettability and anti-protein adsorption, the EO units in PEOC-WPU made the
material surface form a tight hydration layer, which could reduce the adsorption of proteins secreted by
spores, thereby decreasing the attachment of spores on the material surface. The spore adhesion-resistant
property of PEOC-WPU was conducive to improving the Botrytis cinerea resistant performance of the
eugenol/PEOC-WPU slow-release film.

 

Figure 9: Growth of spores detached from the surface of (A) blank epoxy resin plate and (B) PEOC-WPU film and
(C) statistical analysis of colony numbers.

3.6 Eugenol Slow-Release Behavior of Antimicrobial Slow-Release Films

We investigated the slow-release behavior of eugenol from the waterborne polyurethane antimicrobial
slow-release film. Fig. 10 showed the variation in eugenol release content of waterborne polyurethane
sustained-release films with different eugenol contents during immersion in PBS buffer solution at pH 7.4.
All samples presented distinct sustained release performance, and the cumulative release amount increased
gradually with time, indicating that eugenol could be slowly released from the waterborne polyurethane
matrix. The eugenol release content increased rapidly within the initial 24 h of immersion. This was mainly
because eugenol molecules on the surface and shallow layers of the films first contacted the PBS buffer
solution and diffused into the solution rapidly. With the further extension of release time, the slope of
the curves gradually decreased and the release rate dropped obviously, suggesting that the subsequent
release process was predominantly controlled by internal diffusion of the polyurethane matrix. The eugenol
inside the films had to pass through longer diffusion paths, so the release process gradually became stable,
presenting typical sustained-release characteristics. Furthermore, the cumulative release amount of the
waterborne polyurethane sustained-release films increased significantly as the eugenol content rose. A
higher eugenol content produced a larger concentration gradient, which promoted the diffusion and release
of eugenol from the polyurethane matrix.
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Figure 10: Eugenol release from eugenol/waterborne polyurethane sustained-release films in PBS (pH 7.4).

3.7 Analysis of Botrytis Cinerea Resistant Performance of Antimicrobial Slow-Release Films

To evaluate the Botrytis cinerea resistant performance of the eugenol/waterborne polyurethane antimi-
crobial slow-release film, the inhibitory effect of eugenol loading on Botrytis cinerea by the waterborne
polyurethane slow-release film was investigated in depth. Fig. 11 showed the germination and growth
of Botrytis cinerea spores on PDA medium coated with waterborne polyurethane with different eugenol
contents and the blank control group (CK) on the 1st, 3rd and 5th days of culture. The area ratio = SB/S was
calculated quantitatively by measuring the area of the PDA medium (S) and the total area of Botrytis cinerea
plaques formed (SB) in each photograph using ImageJ software, so as to quantitatively express the inhibitory
effect of the antimicrobial slow-release film on Botrytis cinerea (Fig. 12A). To further quantify the inhibitory
effect of each treatment group on Botrytis cinerea spores, the inhibition rate was calculated using the
following formula: Inhibition rate (%) = (Lesion area ratio of blank control group − Lesion area ratio of
treatment group)/Lesion area ratio of blank control group × 100%; All lesion area ratios in the formula were
derived from the data collected after 5 days of incubation. The control efficacy results are shown in Fig. 12B.

 
Figure 11: Inhibition of Botrytis cinerea germination and growth by eugenol/PEOC-WPU antimicrobial slow-release films.
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Figure 12: Changes in the area of Botrytis cinerea (A) and inhibition rate (B) inhibited by eugenol/PEOC-WPU
antimicrobial slow-release films.

The results showed that no colony growth was observed in all groups on the 1st day of culture, and the
medium surface was uniform. A large number of Botrytis cinerea colonies appeared in the blank control (CK)
on the 3rd day of culture, while only a small number of colonies were found in the film without eugenol
(PU-E-0). On the 5th day of culture, colonies in the blank group covered the entire surface of the medium,
accounting for more than 60% of the medium area, while the colony area of PU-E-0 increased to about
30%, showing weak antimicrobial activity. This is because the ionic group of waterborne polyurethane is
COO-(N(C2H5)3)+, which can dissociate a small amount of (N(C2H5)3) after contact with PDA medium. The
area of Botrytis cinerea colonies gradually decreases with the increase of eugenol content in the antimicrobial
slow-release film from 0 to 15%. No visible colonies were found on the medium surface of PU-E-10 and
PU-E-15, showing excellent inhibitory ability resistance to Botrytis cinerea. The colony area in the blank
group increased rapidly from the 1st to the 5th day of culture, while the growth rate of the colony area in
the PU-E-1 and PU-E-5 groups slowed down significantly. As shown in Fig. 12B, the inhibition rate of the
sustained-release films against Botrytis cinerea spores increased gradually with the rise of eugenol content,
and reached 99% at the eugenol content of 10%. These results indicate that the release of eugenol enhances
the antimicrobial activity of the waterborne polyurethane film; a small amount of eugenol can delay the
germination and growth of spores, and the addition of 10% eugenol can completely inhibit the germination
of Botrytis cinerea spores. According to the antibacterial test results, the minimum inhibitory concentration
(MIC) of eugenol against Botrytis cinerea is in the range of 5%–10% (w/w) [36]. The inhibitory effect of
the eugenol/waterborne polyurethane antimicrobial slow-release film on Botrytis cinerea is enhanced with
the increase of eugenol content. Eugenol is slowly released from the film and diffused into the medium,
and after contact with Botrytis cinerea, it destroys the integrity of the fungal cell wall, causes the leakage
of intracellular electrolytes and macromolecular substances, thus achieving efficient sterilization [37].
This phenomenon may be attributed to the destruction of fungal cell membrane structure by phenolic
hydroxyl groups in eugenol. Meanwhile, the sustained release of eugenol from the films enables long-term
antibacterial activity, thereby remarkably improving the antifungal performance of the films [38,39]. As a
carrier of the natural antimicrobial agent eugenol, PEOC-WPU can realize the sustained release of eugenol
from the waterborne polyurethane film due to the hydrogen bond interaction between the phenolic hydroxyl
group of eugenol and the carbamate of polyurethane, which enhances the stability and durability of eugenol
resistance to Botrytis cinerea. Moreover, PEOC-WPU is a waterborne polyurethane material with PEOC, a
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biodegradable main chain, as the soft segment [26]; it can be biodegraded within 25 days, making it an
eco-friendly slow-release material for natural antimicrobial agents.

3.8 Evaluation on the Control Effect of Antibacterial Waterborne Polyurethane Emulsion against
Strawberry Gray Mold Disease

We further evaluated the practical control efficacy of eugenol/waterborne polyurethane antibacterial
sustained-release films against strawberry gray mold disease. Fresh strawberries were selected as exper-
imental samples. The waterborne polyurethane emulsion was sprayed onto the strawberry surface to
form a sustained-release film coating. Subsequently, the strawberries were inoculated with Botrytis cinerea
spore suspension. The germination and growth of gray mold spores on strawberries protected by different
sustained-release films were observed to assess the actual disease control performance of the films. Fig. 13
presented the incidence of gray mold on strawberries in each treatment group on the 1st, 3rd and 6th days
after inoculation. ImageJ software was used to measure the lesion area and the total surface area of fruits,
and the lesion area ratio was calculated (Fig. 14A). To further quantify the control efficacy of each group,
the control effect was calculated via the following formula: Control efficacy (%) = (Lesion area ratio of blank
control group − Lesion area ratio of treatment group)/Lesion area ratio of blank control group × 100%. All
lesion area ratios used in the formula were derived from the data measured on the 6th day of incubation.
The results of control efficacy were shown in Fig. 14B.

The control group (CK) showed the fastest expansion of lesions. Obvious large lesions emerged
on the 3rd day, and the strawberries were almost completely covered by gray mold lesions on the 6th
day, with the lesion area ratio exceeding 90%. The results reveal that Botrytis cinerea can grow and
infect strawberries rapidly without any treatment. Strawberries protected by eugenol-free waterborne
polyurethane film (PU-E-0) only developed slight lesions on the 3rd day, and the expansion rate of lesions
was decreased. This was ascribed to the excellent anti-spore adhesion property of PEOC segments in
waterborne polyurethane films. After spraying the gray mold spore suspension, most spores failed to
attach firmly to the strawberry surface, which delayed the infection caused by Botrytis cinerea. With the
increase of eugenol content in waterborne polyurethane sustained-release films, the appearance of gray
mold lesions on strawberries was delayed, the lesion area was reduced, and the growth of gray mold disease
was significantly inhibited. The lesion areas of PU-E-1 and PU-E-5 groups were lower than that of PU-E-0
group, indicating that low-dose eugenol could inhibit the growth of Botrytis cinerea to a certain degree.
When the eugenol content was increased to 10% and 15%, almost no obvious lesion expansion was observed
during the incubation period. It suggested that high content of eugenol can effectively suppress the growth
and infection of Botrytis cinerea and achieve prominent control efficacy. As presented in Fig. 14B, the
eugenol-free waterborne polyurethane film also possessed a control efficacy of 18% against strawberry
gray mold disease, which originated from its anti-adhesion performance against gray mold spores. The
control efficacy of the sustained-release films increased gradually with the rising eugenol content, and
reached 99% when the eugenol content was 10%. The sustained release of natural antibacterial agent
eugenol from the polyurethane film could maintain persistent antifungal activity, thus greatly improving
the antifungal performance of the films. This phenomenon was probably related to the destruction of fungal
cell membrane structure by phenolic hydroxyl groups in eugenol. Meanwhile, the release of eugenol from the
films sustained antibacterial activity and further enhanced the antifungal capacity of the materials [38,39].
The differences in lesions among all treatment groups were insignificant at the early incubation stage, while
such differences became distinct in the later stage. This demonstrated that the slow release of eugenol from
waterborne polyurethane films can exert long-term antibacterial effects. In addition, combined with the
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aforementioned enzymatic degradation results, the eugenol/waterborne polyurethane sustained-release
films prepared in this study were biodegradable by biological enzymes. Therefore, when applied to the
prevention and treatment of strawberry gray mold disease, the eugenol/waterborne polyurethane emulsion
could be degraded naturally in the environment. Compared with traditional chemical pesticides, this
biodegradable waterborne polyurethane emulsion possessed remarkable environmental advantages for
agricultural antibacterial applications.

 

Figure 13: Inhibitory effects of different eugenol/waterborne polyurethane sustained-release films on strawberry
gray mold disease.

 
Figure 14: Changes in lesion area ratio of gray mold over time (A) and control efficacy (B) on strawberries protected
by different eugenol/waterborne polyurethane sustained-release films.

4 Conclusions

To realize the effective control of Botrytis cinerea, a eugenol slow-release system based on biodegradable
waterborne polyurethane was successfully constructed. Various characterization results confirmed the success-
ful synthesis of the waterborne polyurethane slow-release material. The waterborne polyurethane film exhib-
ited anti-protein adsorption and Botrytis cinerea spore adhesion-resistant. The prepared eugenol/waterborne
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polyurethane slow-release emulsion had good stability, and the corresponding cross-linked antimicrobial
slow-release film could release eugenol continuously for the formation of hydrogen bonds between eugenol
and the polyurethane matrix. The antifungal activity assay showed that the eugenol/PEOC-WPU films exhibit
excellent resistance to Botrytis cinerea, and the antifungal activity was positively correlated with the eugenol
loading dosage. Owing to the combined effects of anti-spore adhesion and sustained antibacterial activity
of eugenol, the eugenol/waterborne polyurethane emulsion can effectively prevent and control strawberry
gray mold disease. Notably, the PEOC-WPU matrix is biodegradable, and the film can be degraded into
small molecules in the natural environment after application, posing no persistent environmental risks. In
conclusion, this study provides a novel environmentally benign strategy for control of Botrytis cinerea, and
also opens up a feasible pathway for the efficient application of natural plant-derived antimicrobial agents in
agriculture. In the future, further research will focus on the field application effect of the slow-release film
and the expansion of its application scope to other plant fungal diseases.
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