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Fabrication of Polygonatum cyrtonema Hua Flavonoid-
AgNPs and its PLA Composite Active Film for Extending
the Shelf Life of Frozen Litchi

Zhihong Wang,? Song Wang,? Yingle Chen,? Liu Yang,? Zhiwen Qi,>* and Lei Zeng ®*

This study presents an eco-friendly strategy to valorize Polygonatum
cryptonym Hua flavonoids (PC) from the residues of polysaccharide
extraction by synthesizing silver nanoparticles (PC-AgNPs) with enhanced
bioactivity. Optimized synthesis (pH 7.5, 10 mM Ag®*, 55 °C, 30 min)
yielded monodisperse, spherical PC-AgNPs (avg. 16.2 nm) with face-
centered cubic crystal structure. Nanoparticles showed remarkable
scavenging ability for DPPH free radical (SCso = 2.61 pg/mL) and ABTS
free radical (SCs, = 1.65 pg/mL) compared to the native PC samples. The
PC-AgNPs were incorporated into polylactic acid (PLA) films (1% wiw),
achieving superior mechanical performance (tensile strength: 54.6 MPa,;
elongation at break: 6.0%) while demonstrating broad-spectrum
antimicrobial activity against E. coli, S. aureus, and A. niger. Mechanistic
studies revealed that the nanocomposite film disrupted bacterial
membrane integrity in E. coli. Applied to litchi preservation at -18°C, the
1%NPs/PLA coating effectively maintained mitochondrial enzyme
activities (Succinate dehydrogenase, Cytochrome c oxidase, H*-ATPase,
Caz*-ATPase) at more than 80% of fresh fruit levels for a certain storage
life, significantly delaying senescence compared to controls. These
findings establish PC-AgNPs/PLA as a dual-functional active packaging
material that synergistically combines antioxidant reinforcement,
antimicrobial protection, and physiological regulation for postharvest fruit
preservation.
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INTRODUCTION

The core issues of postharvest decay of litchi include accelerated sugar
decomposition (production of CO2 or alcohols, aldehydes) caused by high respiratory
intensity, and browning and decay caused by pathogen infection (such as litchi downy
mildew). Its peel structure is special (lack of vascular bundles to directly connect the pulp),
which leads to the inability to effectively replenish water after water loss and accelerates
quality deterioration (Xu et al. 2025a). Although freezing preservation can extend the
storage life of litchi, it may also allow for the presence of cold-resistant bacteria in the
frozen environment. These bacteria can grow and reproduce normally under low
temperature (-18 °C) (Yu et al. 2024). Furthermore, the appearance of rust-colored spots
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in litchi flesh is a result of excessive oxidation, which alters both the color and flavor of
litchi meat (Liang et al. 2015). Therefore, the research and development of new,
environmentally friendly, and cost-effective biological preservatives will further advance
the frozen litchi industry.

Silver nanoparticles (AgNPs) offer a broad antimicrobial spectrum and are
considered environmentally safe, making them widely utilized in various applications (Qi
et al. 2023). Traditionally, chemical reducing agents (such as dimethylformamide and
sodium borohydride) have been employed to synthesize AgNPs; however, these agents can
introduce biological toxicity (Pinu 2016). In contrast to biosynthesis methods, chemical
and physical methods typically consume more energy and require a longer duration for
nanoparticle preparation (Gong et al. 2024). The use of plant polyphenols for the synthesis
of AgNPs presents significant advantages. Generally, natural flavonoids serve as reducing
agents, capping agents, and stabilizers, facilitating the preparation of uniformly dispersed
steady-state AgNPs. For instance, Yang et al. (2023) utilized polyphenols from camellia
seed cake to synthesize AgNPs, which demonstrated a strong affinity for Penicillium
digitatum, significantly reducing citrus decay. Similarly, Qi et al. (2023) employed fisetin
derived from Toxicodendron vernicifluum to produce AgNPs with remarkable antioxidant
and antimicrobial properties.

Among them, flavonoids possess multiple phenolic hydroxyl groups, a large n-bond
conjugated system, and strongly coordinated oxygen atoms, which contribute to their
significant chelating and bonding ability with Ag™, resulting in the formation of flavonoid-
AgNPs complexes (Qi et al. 2022c). Surprisingly, compared to the flavonoids themselves,
the flavonoid-AgNPs complexes exhibit enhanced antioxidant and antimicrobial activities
(Yang et al. 2023). Although biomass-derived flavonoids have been produced in large
quantities, there is an urgent need to identify sources of food-borne flavonoids to control
bacterial proliferation and preserve food freshness. It is worth noting that flavonoid
secondary metabolites are environmentally friendly and avoid toxic residues of chemical
reducing agents; their active components can be used as surface modifiers to endow NPs
(Hussain et al. 2023) with antioxidant, antibacterial and other biological functions.
Difference in the stereoisomers of flavanones can be used to regulate the crystal form of
NPs (Hussain et al. 2023) (such as amorphous or face-centered cubic structure).
Polygonatum cyrtonema Hua has been utilized as a daily ingredient and in traditional
Chinese medicine to protect the kidneys, nourish yin, and alleviate fatigue (Nie et al. 2023).
The plant is rich in flavonoids, including luteolin, kaempferol, and myricetin, which exhibit
strong antioxidant, anti-inflammatory, and antimicrobial properties (Zhang et al. 2024).
However, it has been reported that the solid waste produced after processing Polygonatum
cyrtonema Hua still contains over 19 identified flavonoids, as determined by UPLC-Q
Exactive-MS technology (Han et al. 2023). Currently, this waste is typically discarded,
with only a small portion being utilized as food additives or animal feed. Therefore, the
authors speculated that Polygonatum cyrtonema Hua flavonoids (PC) can reduce Ag* to
AgP through a quinone-phenol redox cycle to form a uniform particle size silver NPs.

Polylactic acid (PLA) is an ideal non-ionic polymer matrix that offers excellent
biodegradability and biocompatibility (Liao et al. 2023). Through the synergistic effect of
physical barrier, chemical antibacterial, and environmental regulation, antibacterial PLA
film targeted to inhibit the key factors (respiratory metabolism, pathogens, and browning)
of postharvest litchi (Mao et al. 2023; Shi et al. 2022). Wu et al. (2024) prepared three
microstructures of AgNPs-PLA materials on electrospun PLA-thermoplastic polyurethane
(TPU) nanofiber films by electro-spraying. The content of AgNPs was as low as 0.6 wt %,
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and the highest antibacterial efficacy was 99 % + 1 %. Mao et al. (2023) incorporated a 7
wt% anthocyanin-Cu complex into the PLA substrate, resulting in an antibacterial efficacy
of 96.4% against E. coli. This active multilayer film effectively inhibits the rapid
proliferation of bacteria in pasteurized milk, thereby extending its shelf life. Additionally,
Xu et al. (2025b) introduced 6% anthocyanin into the PLA matrix, and the resulting
electro-spun nanofiber film was employed to monitor the freshness of blueberries and
prolong their shelf life. Pan et al. (2025) incorporated the extract of Polygonati rhizoma
into the matrix of chitosan and soy protein isolate. The film effectively inhibited the growth
of Staphylococcus aureus or Escherichia coli and showed complete biodegradability after
7 days.

The aim of this study was to extract PC from the solid waste residue of
Polygonatum cyrtonema Hua and to prepare PC-AgNPs from the residue by using these
PC as a template. The preparation conditions for the PC-AgNPs in the aqueous phase were
screened. The structure of the PC-AgNPs was characterized, and their antioxidant and
antimicrobial activities, along with the underlying mechanisms, were evaluated.
Subsequently, co-filming with PLA was conducted to create an efficient, eco-friendly, and
safe film (NPs/PLA) for the preservation of frozen litchi. This research is expected to
provide practical guidance for the preparation of AgNPs and their incorporation into films
with high antioxidant and antimicrobial properties, as well as for the further utilization of
flavonoids derived from the residue of Polygonatum cyrtonema Hua.

EXPERIMENTAL

Materials

Polygonatum cyrtonema Hua was purchased from Meizhou Fudao Ecological
Technology Co., Ltd. (Guizhou China). HPD-500 macroporous resin was obtained from
Tianjin Yunkai Resin Technology Co., Ltd. (Tianjin, China). Other purchased chemicals
included PLA (4032D, NatureWorks, Inc., USA), tri-n-butyl citrate (TBC, Aladdin
Company, Shanghai, China), and dichloromethane (DCM, Shanghai Yuanye Bio-
Technology Co., Ltd.). The polyamide resin and Sephadex LH-20 were purchased from
Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China). DPPH (2,2-Di(4-tert-
octylphenyl)-1-picrylhydrazyl), ABTS (2, 2'-azino-bis (3-ethylbenzothiazoline-6-sulfonic
acid), and other biological kits were purchased from Nanjing Jiancheng Bioengineering
Institute (Nanjing, China). The bacterial strains Escherichia coli (E. coli, ATCC 23815),
Staphylococcus aureus (S. aureus, ATCC 12600), and Bacillus subtilis (B. subtilis, ATCC
6051), as well as the fungus Aspergillus niger (A. niger, ATCC 16404), were preserved by
the Chinese Academy of Forestry. All other reagents were of analytical grade. The fruits
of the tested ‘Ziniangxi’ litchi reached commercial maturity, with a transverse diameter of
3.5 cm and an average fruit weight of 22 g.

Isolation of flavonoids from PC

PC were extracted using an ultrasonic-assisted ammonium sulfate/ethanol aqueous
two-phase method (Zhang et al. 2017). Briefly, the aqueous two-phase system comprised
24% ammonium sulfate and 30% anhydrous ethanol. The residue of Polygonatum
cyrtonema Hua obtained after the extraction of polysaccharides was dried and weighed into
the system according to a solid-liquid ratio of 1:20 (g/mL), and extracted for 30 min at an
ultrasonic power of 340 W. After filtering and centrifuging the crude extract (6000 x g for
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15 min) to remove the residue, the upper phase containing the flavonoid extract was
collected by allowing it to stand in a liquid separation funnel.

The flavonoid extract obtained according to the above extraction process was
concentrated using a rotary evaporator at 50 °C and purified with HPD-500 macroporous
resin and polyamide resin. In summary, the flavonoids were enriched through a two-step
column chromatography process. The enrichment experiments were conducted using an 80
mL chromatographic column (1 bed volume (BV), dimensions: 2.5 x 60 cm) filled with
pre-treated HPD-500 macroporous resin in a wet loading configuration. The concentration
of the sample solution was 2.0 mg/mL, and the sample flow rate was set at 1.5 BV/h. After
the adsorption phase, elution fractions were collected using 50% and 70% ethanol (EtOH)
solutions, which were then concentrated. The samples obtained through this process were
subsequently treated with polyamide resin, and the target components were eluted using a
60% EtOH solution at a flow rate of 1.5 BV/h, and the concentrated extract was obtained
by vacuum concentration.

In order to obtain a higher content of flavonoids in the concentrated extracts, the
sample was further separated and purified using Sephadex LH-20 (Xue et al. 2019). After
it was ensured that the above obtained sample had a suitable adsorption time with the
chromatographic packing material, it was then eluted with a 60% methanol (MeOH)
solution. The eluate was collected in 2.0 mL tubes. The flavonoid eluate was then
concentrated under reduced pressure and freeze-dried to obtain enriched Polygonatum
cyrtonema Hua flavonoids (Han et al. 2023). The content of the total flavonoids was
determined using a spectrophotometry method and analyzed qualitatively using
chromatography.

Aqueous Assembly Preparation of PC-AgNPs

Using a single-factor experiment, PC-AgNPs were prepared via the liquid-phase
hydration method (Qi et al. 2022b). Briefly, the conditions for synthesizing PC-AgNPs by
reducing AgNOs with a PC solution were screened. The PC solution at a concentration of
1.0 mg/mL was prepared, and AgNO3 solutions of varying concentrations (1.0 to 10.0 mM)
were added under different pH conditions ranging from 5.5 to 7.5. The pH of the solution
was adjusted using HsPOs and NaBHa, and the mixture was thoroughly stirred with a
magnetic stirrer. PC-AgNPs were synthesized over different reaction times of 1 to 60 min
at temperatures between 25 and 65 °C. Upon completion of the reaction, a specific volume
of the reaction mixture was removed, and the UV-visible absorption spectrum was scanned
in the range of 200 to 800 nm to confirm the formation of PC-AgNPs. Based on the
experiments, the preparation conditions of PC-AgNPs were obtained. Subsequently,
acetone was added to the reaction solution, which was then centrifuged at 5000 x g for 20
min. The supernatant was discarded, and the precipitate was washed twice with deionized
water. The resulting precipitate was dried at -40 °C with 0.05 mbar vacuum for 24 h to
obtain PC-AgNPs samples.

Preparation of NPs/PLA Film

A series of NPs/PLA films were prepared using the solution casting method by
simultaneously mixing PC-AgNPs and the plasticizer glycerol with PLA (Gao et al. 2019;
Yadav et al. 2020). First, 1 g of PLA was dissolved in 20 mL of DCM and placed in a
constant-temperature ultrasonic reactor. The PLA was completely dissolved using
ultrasound for 0.5 h. The PC-AgNPs suspension was added dropwise to the PLA solution,
and magnetic stirring was conducted for 1 h to ensure full dispersion and dissolution. Next,
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TBC (20 wt%) was added to the solution, and the film-forming solution was obtained by
continuing magnetic stirring for an additional time. Finally, the film-forming solution was
poured and allowed to form at 55 °C with 0.05 mbar vacuum to prepare the NPs/PLA film.

Litchi Frozen Preservation Treatment

The packaging specifications were as follows: Single fruit weight: 20 £ 2 g, peel
integrity > 95%; composite film bag size: 15 x 20 cm (thickness 50 um), heat sealing;
contact area: the contact rate between the inner surface of the film and the peel is > 80 %
(achieved by pre-indentation treatment).

The thawing operation specifications were as follows: Thawing temperature: 4 °C
refrigerated thawing for 12 h to avoid temperature spikes leading to cell rupture; storage
conditions: After thawing, the samples were stored at 25 °C and 85% relative humidity for
6 h to simulate short-term shelf exposure. The NPs/PLA film sealed the litchi and was then
stored at -18 °C. Samples were collected on the day of fruit storage and day 20, 40, 60, and
80. The litchi were frozen in liquid nitrogen, and stored at -18 °C.

Characterizations

High-Performance Liquid Chromatography (HPLC) was conducted using an
Agilent 1260 Infinity 11 system (Agilent Technologies Co., Ltd., USA) equipped with an
InfinityLab Poroshell 120 EC-C18 column (150 x 4.6 mm, 5 pum; Agilent, USA).
Acetonitrile (Phase A) and a 2% formic acid-water solution (Phase B) as mobile phases
was utilized as the analytical method. The elution gradient was established as follows: 5%
A from 0 to 25 min, 22% A from 25 to 35 min, a gradient from 22% to 35% A from 35 to
50 min, a gradient from 35% to 5% A from 50 to 52 min, and 5% A from 52 to 55 min.
The detection wavelength was set 320 nm, with an injection volume of 10 uL and a flow
rate of 1.0 mL/min. Detection occurred at 40 °C. Flavonoids were extracted using an
ultrasonic cleaning machine (SB-5200DT, Ningbo Scientz Biotechnology Co., Ltd.), and
dried flavonoid samples were obtained using a vacuum freeze dryer (FD-A10N-50, Anhui
NingHuai Instrument Co., Ltd.).

The ultraviolet-visible spectrophotometer (UV-Vis, Lambda 25, PerkinElmer,
Germany) was utilized to record the ultraviolet-visible spectrum in the range of 200 to 800
nm, with a resolution of 1 nm. A multifunctional microplate reader (Spark 10 M, Tecan,
Switzerland) was also employed. The particle size and potential were analyzed using the
NanoZS90 particle size and potential analyzer (Malvern, UK). The Fourier Transform
Infrared Spectrometer (FT-IR, FTS135, Bio-Rad, USA) was set to a wavelength range of
4000 to 400 cm™', with a resolution of 4 cm™. The particle size and morphology of the
samples were examined using a scanning electron microscope (SEM, ZEISS Gemini 300,
Zeiss, Germany) and a transmission electron microscope (TEM, H-7650, Hitachi, Japan)
at 300 kV, with analysis performed using ImageJ software (Version 1.48, National
Institutes of Health). The powder was analyzed using an X-ray powder diffractometer
(XRD-6100, Shimadzu, Japan), with a CuKa radiation source, a current of 30 mA, a
voltage of 40 kV, a scanning range of 10° to 80°, and a scanning speed of 2°/min.

DPPH and ABTS Free Radical Scavenging

According to the referenced literature method (Sun et al. 2020), with slight
modifications, the ability of NPs to scavenge DPPH free radicals was assessed. Similarly,
the capacity of NPs to scavenge ABTS free radicals was determined following the literature
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method (Bretschneider et al. 2009), also with minor adjustments. The half maximal radical
scavenging concentration (SCso) of the sample was calculated using a standard curve.

Antimicrobial Activity of NPs/PLA Solution in Vitro

The minimum inhibitory concentration (MIC) was determined as described by Qi
et al. (2023). Thawed S. aureus, E. coli, and A. niger were grown to the logarithmic phase
and subsequently passaged. The bacterial concentration was diluted to 106 CFU/mL, and a
negative control well was included. The MIC values for the bacteria were determined using
the microbroth double dilution method on a 96-well microplate.

For morphological observation of bacteria, the broth culture of E. coli and S. aureus
was prepared to achieve a 0.5 McBurney’s turbidity standard using sterile water. NPs/PLA
solution was then mixed with an equal volume of the bacterial solutions of E. coli and S.
aureus at room temperature for 30 min. The samples were immobilized with
glutaraldehyde and observed using scanning electron microscopy (SEM).

To determine the inhibition of bacterial respiratory chain dehydrogenase activity,
S. aureus and E. coli were inoculated into broth culture medium. After 18 h of incubation,
0.5 mL of the broth culture was centrifuged at 4 °C and 16,000 x g for 30 min. The
supernatant was discarded, and the bacterial pellet was washed once with normal saline.
The bacterial precipitate was then mixed with the NPs/PLA solution at room temperature
for 1 h. Concurrently, a living bacteria blank control (without PC-AgNPs) and a dead
bacteria negative control (the dead bacteria were subjected to a water bath at 100 °C for 15
min to kill the bacteria and inactivate the respiratory chain dehydrogenase activity on the
bacterial surface) were prepared. Following this, the samples were centrifuged at 16,000 x
g and 4 °C for 30 min. The supernatant was discarded, and the pellet was washed once
more with normal saline. Subsequently, 0.9 mL of PBS was added to the mixture, followed
by the addition of the respiratory chain dehydrogenase substrate, 0.1 mL of 0.5%
iodonitrotetrazolium methyl blue (INF). The reaction was allowed to proceed at 37 °C in
the dark for 1 h. The absorbance at 490 nm of the reactants was measured using a
microplate reader.

To detect bacterial cell membrane leakage, broth cultures of S. aureus and E. coli
were prepared, and 0.5 mL of each culture was added to an Eppendorf tube. The samples
were centrifuged at 16,000 x g and 4 °C for 30 min, after which the supernatant was
discarded. The precipitate was then washed twice with sterile water. Following this, 1 mL
of NPs/PLA solution was added to the precipitate. For the control group, 1 mL of sterile
water was added instead. The mixtures were thoroughly mixed and incubated at 37 °C for
1 h. After incubation, the samples were centrifuged again at 16,000 x g and 4 °C for 30
min, and the supernatant was collected. The concentrations of protein and nucleic acids in
the supernatant were measured using a nucleic acid and protein analyzer to assess the
leakage of the bacterial cell membrane.

Determination of Enzyme Activities Related to Mitochondrial Energy
Metabolism

The extraction of mitochondria from the mesocarp cell of litchi fruit was conducted
using the method described by Silva et al. (2024), with some modifications. Briefly, 1.1 g
of frozen litchi peel tissue was taken, and 10 mL of extraction buffer (50 mM Tris-HClI,
pH 7.5, containing 1 mM EDTA, 0.25 M sucrose, 0.3 M mannitol, 0.5% PVP, 0.1% bovine
serum albumin (BSA), and 0.1% cysteine, adjusted to pH 7.5 with 0.1 M concentrated
hydrochloric acid) was added. The mixture was shaken thoroughly. The residue was then
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filtered to obtain 6 to 7 mL of filtrate, which was centrifuged for 10 at 4,000 x g and 4 °C.
The supernatant was centrifuged for 30 min at 16,000 x g and 4°C. After removing the
supernatant, the precipitate was retained, and 1 mL of suspension buffer (10 mM Tris-HClI,
pH 7.5, containing 0.25 M sucrose, 0.3 M mannitol, and 1 mM EDTA) was added to
dissolve the precipitate. The crude mitochondrial extract was then obtained and stored at 4
°C for subsequent testing.

Mitochondrial H-ATPase activity was determined as previously described (Zhao
et al. 2023). Mitochondrial Ca?*-ATPase activity was measured as described by Lyu et al.
(Lyu et al. 2019), with slight adjustments. The activity of mitochondrial succinate
dehydrogenase (SDH) was measured using the method described by Montagut et al.
(Montagut et al. 2022), with slight modifications. Mitochondrial cytochrome C oxidase
(CCO) activity was measured as described by Montagut et al. (2022), with slight
adjustments.

In vivo Cytotoxicity

Referring to the report by Yang et al. (2020), LO2 cells in logarithmic growth phase
were taken, and the cell density was adjusted to 5 x 10* cells/mL by RPMI-1640 medium
(containing 10% fetal bovine serum), and inoculated into 96-well plates (100 pL/well).
Appropriate amounts of samples were added and incubated at 5% CO> and 37°C for 24 h.
5 mg/mL MTT solution (100 puL) was added to each well. After 4 h of incubation, the
supernatant was discarded, and DMSO (150 pL/well) was added to dissolve the formazan
crystals. The absorbance at 490 nm wavelength was measured by microplate reader, and
the cell survival rate was calculated.

Data Analysis

All experimental data are presented as mean + standard deviation (x £ s) based on
three-fold replication. Origin 9.0 and GraphPad Prism 8 software were utilized for
graphical representation, while SPSS software was employed for significance analysis. For
functional evaluation of PC-AgNPs, a p-value of less than 0.05 (p < 0.05) was established
as the threshold for statistical significance.

RESULTS AND DISCUSSION

Optimization Preparation of PC-AgNPs

The yield of the PC prepared using the ultrasound-assisted ammonium sulfate/
ethanol aqueous two-phase method was (1.12 £ 0.29)%. After further enrichment and
purification with HPD-500 macro-porous resin, polyamide resin, and Sephadex LH-20, the
content of the PC increased to (92.6 = 0.18)%, free from polysaccharides, proteins, and
other impurities (Fig. 1A). The freeze-dried sample of the PC appeared as a yellow solid.
Plant polyphenols are secondary metabolites characterized by a polyphenolic structure,
which exhibit strong reducing capabilities and possess certain antimicrobial activities.
They can effectively convert silver salts into elemental silver (Qi et al. 2023). When the
PC were dissolved in deionized water and mixed with AgNO3z and NaHB, the color of the
mixture changed from colorless to white. This color change indicates that the silver ions
were being reduced to form PC-AgNPs particles (Li et al. 2023), resulting in the freeze-
dried sample appearing as a black solid. The effects of various reaction factors (pH, Ag*
concentration, reaction temperature and reaction time) on the formation of nanoparticles
were as follows:
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Solution pH

As illustrated in Fig. 1B, the maximum absorption value increases with rising pH
levels, indicating that alkaline conditions favor the synthesis of PC-AgNPs. The primary
reason for this is that under alkaline conditions (pH 7.5), the reducing hydroxyl groups of
PC are more likely to lose protons, resulting in a negatively charged molecule. This
negatively charged polyphenolic compound not only interacts more readily with Ag™ ions,
but also facilitates the transfer of electrons to Ag*, leading to the formation of PC-AgNPs.
These findings are consistent with the results reported by Fan et al. (2021).

Ag™ concentration

Nano-silver exhibits a characteristic absorbance peak in the wavelength range of
400 to 450 nm. As shown in Fig. 1C, there was a distinct absorbance peak near 450 nm,
confirming the presence of nano-silver. At a concentration of 1 mM Ag*, no significant
absorbance peak was observed. However, when the concentration increased to 2 mM, the
absorbance peak diminished, and the half-peak width broadened. This may be attributed to
the presence of additional reducing agents in the reaction which interferes with the
detection of nano-silver, similar to the findings reported by Mohaghegh et al. (2020). As
the concentration rose from 5 to 10 mM, the intensity of the absorption peak increased,
indicating a corresponding rise in the concentration of PC-AgNPs. Nevertheless, the
absorbance peak exhibited a red shift, and the half-peak width increased, suggesting that
the particle size of the generated PC-AgNPs gradually increased and that the size
distribution became more heterogeneous. When the concentration of Ag* continued to rise,
the reduction rate of silver ions no longer increased due to the limitations of the reducing
capacity of PC. Consequently, 10 mM was identified as the optimal Ag* concentration for
the preparation of PC-AgNPs.

Reaction temperature

As shown in Fig. 1D, the results indicated that as the reaction temperature increased
from 25 to 65 °C, the intensity of the absorption also increased. This suggests that the
concentration of PC-AgNPs rose with the increasing mixing temperature. However, when
the temperature continued to rise beyond 65 °C, the absorbance peak exhibited a red shift,
and the half-peak width broadened. This change indicates that the particle size of the
generated PC-AgNPs gradually increased, resulting in an uneven distribution, as reported
by Dong et al. (2020). Consequently, 55 °C was selected as the optimal reaction
temperature for the preparation of PC-AgNPs.

Reaction time

As illustrated in Fig. 1E, the effects of varying mixing times on the UV-Vis
absorption spectrum were evaluated under optimized conditions. As the reaction time
increased from 1 min to 60 min, the maximum absorption value initially rose and then
declined; however, the overall change was not significant, consistent with Na-
Phatthalung’s findings (Na-Phatthalung et al. 2022). This indicates that the maximum
absorbance value slightly decreased with prolonged reaction time. A possible explanation
for this phenomenon is that extended mixing times may disrupt the structure of the PC,
resulting in a reduction of PC-AgNPs content. Consequently, 30 min was determined to be
the optimal reaction time for the preparation of PC-AgNPs.
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Fig. 1. HPLC spectrum of PC (A), and the formation of PC-AgNPs; along with their UV-Vis spectra,
were recorded under varying conditions: reaction pH (B), AQNOs concentration (C), temperature
(D), and time (E). * The mobile phase consisted of acetonitrile and a 2% formic acid solution, with
the detection wavelength set at 320 nm.

Morphologies

As shown in Fig. 2A, the dried PC-AgNPs were observed to be nearly circular
under SEM. The results also indicated that the PC-AgNPs synthesized from PC exhibited
good dispersibility. As revealed in Fig. 2B, the aggregation of PC-AgNPs particles was
significantly reduced, with the AgNPs independently distributed in the field of view.
Therefore, the results indicate that the PC-AgNPs prepared in this study maintained an
approximate spherical shape, uniform size, and good dispersion. Subsequently, 200 dots of
PC-AgNPs within the image range were selected for analysis to determine the particle size.
The diameter distribution of the synthesized PC-AgNPs ranged from 5 to 45 nm, with an
average diameter of 16.2 nm and a standard deviation of 2.88 nm. The histogram indicated
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that the majority of PC-AgNPs had diameters between 10 and 25 nm, corresponding to a
narrow and uniform distribution. The average size of the AgNPs was 14.9 nm, with a
standard deviation of 1.08 nm (Fig. 2B). The interaction between the functional groups in
the PC and the AgNPs resulted in strong electrostatic repulsion among the PC-AgNPs,
preventing the aggregation of the nanoparticles and facilitating the formation of a stable
and dispersed spherical structure. Furthermore, as illustrated in Fig. 2(C-D), the atomic
percentages in the sample were 30.4% Ag, 58.8% C, and 10.9% O, respectively, with no
interference signals from other elements, indicating a high level of purity in the system.
The element Ag exhibited distinct signal absorption peaks at 3.0 and 3.18 keV (within the
range of 2.5 to 3.5 keV), and the main absorption peak was located at 3.0 keV. This
confirms that Ag* has been reduced to its elemental form, which is consistent with the
findings reported in the literature by Qi et al. (2022c, 2023).

. Spectra from Area #1
400 Spectrum

Intensity (Counts)

0 T 1
0 5 10 15
Energy (keV)

Fig. 2. SEM micrographs (A), TEM micrographs and EDX (B), elemental mapping (EDS), and the
element point diagram for C, O, and Ag (C), along with the EDS spectrum (D) of PC-AgNPs. *
Except for the variables in each group, the other fixed parameters were pH 7.5, AgNO3
concentration of 10.0 mM, a reaction temperature of 55 °C and a reaction time of 30 min. The
morphologies and yields of PC-AgNPs served as standards and indicators of the preparation
process.

FT-IR

As illustrated in Fig. 3A, the Fourier Transform Infrared (FT-IR) spectra of PC-
AgNPs and PC exhibit notable similarities. In contrast, AgNPs displayed minimal
absorbance peaks in the functional group region. Both PC and PC-AgNPs demonstrated
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characteristic absorbance features; however, the PC sample presented a deformation
vibration peak associated with the phenolic hydroxyl group at 1398 cm™. Compared to PC,
the deformation vibration peak of the phenolic hydroxyl group in PC-AgNPs was
weakened.
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Fig. 3. FT-IR spectrum (A), XRD spectrum (B), XPS spectrum (C), and the enlarged XPS
spectrum of AgNPs (D)

In the FT-IR spectra of PC, the absorbance peaks at 3350, 2902, and 1705 cm*
correspond to the stretching vibrations of the O-H, C-H, and C=0 groups, respectively.
When interacting with Ag*, the absorbance peak shifted to 3303 cm™, and its intensity
significantly decreased while becoming broader. This suggests a hydrogen bond-like
interaction between the O-H group of PC and the silver atoms in silver nanoparticles (O-
H---Ag), indicating that PC may participate in the reduction process. The stretching
vibration peak of O-H changed from 3350 cm™ (PC) to 3297 cm™ (PC-AgNPs). This
finding aligns with previous literature (Sathiyaseelan et al. 2020), suggesting an interaction
between the O-H group on the PC molecule and AgNPs, leading to the formation of a new
O-Ag bond. The absorption bands at 1613, 1398, and 1091 cm™ correspond to the
stretching vibration of conjugated carbonyl (C=0), the bending vibration of C-H, and the
skeletal vibration of the aromatic ring. These absorbance peaks primarily originated from
PC. Similar characteristic absorbance peaks were also observed in the FT-IR spectrum of
camellia seed cake polyphenols-AgNPs (Yang et al. 2023), where many absorbance peaks
were blue-shifted compared to those of PC, and the peak intensity was reduced, indicating
the formation of PC-AgNPs.
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XRD and XPS

As shown in Fig. 3B, there were no sharp or narrow diffraction peaks, indicating
that the PC-AgNPs had an amorphous structure (Ullah et al. 2021). The diagram reveals
three diffraction peaks at 38.7°, 64.4°, and 77.8°, which correspond to the (111), (220), and
(311) planes of the face-centered cubic phase of the silver crystal structure, respectively.
This suggests that PC can reduce Ag* to produce Ag® (Qi et al. 2023). The significant
broadening of the diffraction peaks is attributed to the very small microcrystalline size, and
the peaks appear relatively cluttered in the diagram (lezzi et al. 2022). This may be due to
the dispersion of PC, resulting in a substantial number of PC being wrapped around the
surface of the generated PC-AgNPs.

In addition, Fig. 3(C, D) shows two peaks at 367.92 eV and 373.9 eV,
corresponding to Ag 3ds2 and Ag3dsyz, respectively. This finding further suggests that PC
can act as reducing agents in the synthesis of PC-AgNPs nanoparticles, with the proportion
of Ag 3d atoms in the synthesized polyphenol AgNPs being 2.92%. The study by Asmat-
Campos et al. (2020) also demonstrated that the peaks in the XRD and XPS patterns were
complex due to the interference of biological organic reagents or bioactive compounds on
the surface of PC-AgNPs.

DPPH and ABTS Free Radical Antioxidant Activity Evaluation

As shown in Table 1, the SCso values of PC and PC-AgNPs against DPPH and
ABTS radicals were 3.87 and 2.61 pg/mL, and 2.35 and 1.65 pg/mL, respectively. The
results indicate that the ability of free PC to scavenge DPPH and ABTS free radicals was
significantly weaker than that of the PC-loaded AgNPs system. The nano-crystallization
process enhanced the solubility of PC, facilitated their interaction with free radicals in
aqueous solution, and improved the antioxidant activity of PC (Bretschneider et al. 2009).

Table 1. Inhibition Zone Against Tested Bacterial and Fungal Strains and
Antioxidant Property of PC-AgNPs

MIC value (ug/mL) SCso (ug/mL)
Samples E. coli S. aureus B. subtilis A. niger DPPH | ABTS
PC 56.29+1.89** | 66.27+1.87** | 55.28+1.57** | 64.75+1.87** | 3.87 2.35
PC-AgNPs 6.28+0.38 8.28+0.57 7.28+0.42 9.28+0.38 2.61 1.65
Cefixime 4.28+0.28 9.58+0.67 6.87+0.46 NT NT NT
Fluconazol NT NT NT 5.26+0.26 NT NT
e
* “NT” stands for Not Tested

Mechanical Properties of NPs/PLA Film

Compared to smooth and flat pure PLA film, when the content of nanoparticles
(NPs) in the PLA exceeded 1.0%, distinct markings began to appear on the surface of the
NPs/PLA composite film, as shown in Fig. 4(A-B). Furthermore, a higher concentration of
NPs in the PLA resulted in a more pronounced honeycomb structure. This phenomenon
can be attributed to the increased crosslinking density caused by the higher amounts of
NPs. The thickness of the pure PLA film was approximately 40 pum, as indicated in Fig.
4(C-D). After the addition of NPs and TBC, the film thickness increased to about 73 um.
Notably, there was no fracture layer observed in the fracture cross-section of the NPs/PLA
composite film, which may be due to the interaction between the NPs and the PLA matrix,
thereby enhancing the compatibility between the two materials. When 1.0% NPs were
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added, the maximum tensile strength increased to 54.6 MPa, surpassing that of pure PLA
film (Fig. 4E). The elongation at break of the composite film decreased from 6.2% to 4.5%
as the mass percentage of NPs increased. This indicates that the elongation at break was
influenced by the compatibility between the NPs and PLA. Furthermore, the Young’s
modulus of the composite film rose from 1.78 to 2.32 GPa (Fig. 4F).
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Fig. 4. The surface morphology (A-B), cross-sectional morphology (C-D), stress and tensile
strength (E), and Young’s modulus (F) of NPs/PLA
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Antimicrobial Activity

As shown in Table 1, the results indicate that PC-AgNPs exhibited significant
antimicrobial activity against S. aureus, E. coli, B. subtilis, and A. niger. Notably, PC-
AgNPs demonstrated the strongest antimicrobial effect against E. coli. At a concentration
of 6.28 mg/mL, PC-AgNPs were able to inhibit the growth of this bacterium. This efficacy
can be attributed to the small size and large surface area of the PC-AgNPs, which facilitate
the disruption of bacterial cell wall structures and enable the particles to penetrate the cells,
thereby inhibiting bacterial growth. The proportion of atoms on the surface of silver
nanoparticles (AgNPs) increases significantly at the nanoscale, and the uncoordinated
atoms on the surface can be used as free radical capture sites to decompose reactive oxygen
species (ROS) by electron transfer or catalysis (Qi et al. 2022a). The surface plasmon
resonance characteristics of AgNPs in the ultraviolet-visible region may promote
photocatalytic reactions and enhance the ability to scavenge specific ROS (such as
superoxide anions) (da Silva et al. 2020). This finding is consistent with Wu et al. (2021).

As illustrated in Fig. 5(A-B), after treatment with the NPs/PLA solution for 1 h, the
morphology of E. coli and S. aureus was examined using Bio-SEM (Adame et al. 2024).
A significant number of PC-AgNPs were adsorbed onto the surfaces of both E. coli and S.
aureus. The surface structures of normal E. coli and S. aureus were distinct, with the
microcapsules clearly visible. However, the presence of PC-AgNPs disrupted the surface
structures of both bacteria, resulting in partially defective microcapsules. Furthermore,
while the surface structures of normal E. coli and S. aureus were well-defined, the
introduction of PC-AgNPs altered these structures. The bacteria exhibited damage
characterized by a hollow appearance, leading to the formation of bacteria, with indistinct
cell edges, which aligns with Bhan and Golder (2023).

As illustrated in Fig. 5C, the results indicated that the respiratory chain
dehydrogenase activity of E. coli and S. aureus in the live bacteria control group was
significantly high, with the catalytic substrate INF producing distinct red compounds. In
contrast, the respiratory chain dehydrogenase activity of E. coli and S. aureus in both the
NPs/PLA solution experimental group and the dead bacteria control group (heat
sterilization group) was markedly reduced (p < 0.05). The inhibition efficacy of PC-AgNPs
on the respiratory chain dehydrogenase activity of E. coli and S. aureus approached 100%.
These findings demonstrate that the NPs/PLA solution effectively inhibited the respiratory
chain dehydrogenase activity of E. coli and S. aureus, which aligns with Gomaa (2017).

The mechanism of antibacterial activity was determined by examining the
destruction of bacterial cell film and the leakage of cytoplasmic contents caused by AgNPs
(Saratale et al. 2020). Broth cultures of E. coli and S. aureus were centrifuged and washed
at high speed. The bacterial precipitates were collected and treated with 1 mL of NPs/PLA
solution at specified final concentrations. The control group received 1 mL of sterile water
and was mixed thoroughly. After incubation at 37°C for 1 h, the supernatant was
centrifuged at high speed. The protein and nucleic acid content in the supernatant was
analyzed using a nucleic acid protein analyzer. The experimental results indicated that
when the concentration of sample was 1%NPs/PLA, the cell membranes of S. aureus were
affected, and the cell membranes were compromised when the concentration of 5%
NPs/PLA was reached, which caused significant leakage of proteins (Fig. 5D), DNA (Fig.
5E), and RNA (Fig. 5F) from the bacterial cells.
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Fig. 5. The inhibition ratio of various concentrations (ug/mL) of NPs/PLA solution on bacteria and
fungi (A), along with enlarged images of the damaged morphologies (B), the inhibitory effect of the
novel NPs/PLA solution on bacterial respiratory chain dehydrogenase activity (C), UV absorbance,
protein content (D), DNA content (E), and RNA content (F), as well as the morphology (G) and
relationship (H) of different concentrations of NPs/PLA solution on LO2 cells.
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In-vitro Toxicity

In the described exposure system, the external or internal dissolution of NPs/PLA
will continuously release Ag* ions, making it essential to assess their cytotoxicity (Khin et
al. 2024). As illustrated in Fig. 5(G-H), the cell viability of LO2 cells co-incubated with
various concentrations of the NPs/PLA solution was evaluated using the MTT assay. The
results indicated that the cell survival rate exceeded 95% within the tested maximum
concentration range (15%NPs/PLA), suggesting that the NPs/PLA exhibit excellent cell
compatibility.

Activities of Enzymes Related to Mitochondrial Energy Metabolism

As illustrated in Fig. 6, the activities of H*-ATPase, Ca?*-ATPase, SDH, and CCO
in the control group exhibited a downward trend during storage. The rate of decline in
mitochondrial energy metabolism-related enzyme activity in the four cells of litchi fruit
treated with 1%NPs/PLA was significantly lower than that in the control group.
Specifically, the activity of H*-ATPase in the mitochondria of litchi fruit gradually
decreased (Fig. 6A). This decline may be attributed to the limitations in the respiratory
metabolism of the mitochondria, which results in reduced ATP synthesis and,
consequently, diminished H*-ATPase activity. The activity of Ca?>*-ATPase also decreased

(Fig. 6B) with storage periods longer than 40 days.
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chloride (PVDC).
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The activity of Ca?-ATPase in the mitochondria decreased relatively less during
the later stages of cryopreservation, which may lead to an increase in Ca** content within
the mitochondria. Additionally, the activity of the SDH enzyme decreased (Fig. 6C).
Notably, SDH maintained a high enzyme activity after 40 days of low temperature storage
(-18 °C) of litchi fruits, indicating that the mitochondria in the fruits at this stage were in a
good functional state. After 40 days of cryopreservation, the CCO enzyme activity in litchi
fruit remained elevated, suggesting that the oxygen consumption rate in the fruit was also
high, reflecting an increased level of respiratory metabolism in the mitochondria at this
time. However, after 60 days, the activity of the CCO enzyme decreased significantly (Fig.
6D), indicating a decline in aerobic respiration metabolism within the mitochondria of the
fruit. This decline may lead to electron leakage in the mitochondrial respiratory chain,
resulting in an increase in reactive oxygen species in the fruit.

CONCLUSIONS

1. Bio-sourced silver nanoparticles were successfully synthesized through flavonoid-
mediated reduction using high-purity phytochemicals from Polygonatum cyrtonema
Hua. The particles (PC-AgNPs) demonstrated remarkable efficacy in delaying
postharvest senescence of litchi fruit by modulating physiological metabolic pathways.
PC-AgNPs exhibited superior colloidal stability and narrower size distribution.
Notably, PC-AgNPs showed enhanced antioxidant capacity and broad-spectrum
antimicrobial activity, with significantly larger inhibition zones against Escherichia
coli, Staphylococcus aureus, and Aspergillus niger.

2. Mechanistic investigations elucidated that PC-AgNPs exerted antimicrobial effects
through dual action: structural disruption of microbial cell walls/membranes and
induction of membrane hyperpermeability. This dual mechanism triggered substantial
leakage of intracellular ATP and proteins, coupled with inhibition of dehydrogenase
activity, ultimately leading to microbial cell death. Interfacial hydrogen bonding
between PC-AgNPs and polylactic acid significantly improved material compatibility,
enhancing film flexibility with increased elongation at break.

3. These findings establish PC-AgNPs as a multifunctional nanomaterial with dual
applications in food preservation and active packaging, providing both mechanistic
insights and practical solutions for postharvest quality management.
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