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Purpose: Study aims to optimize the synthesis conditions for silver nanoparticle composites [ALP(D)-AgNPs] using a rapid and
environmentally friendly method and investigate the antioxidant, antibacterial, and anticancer activities of the fabricated composite.
Methods: The polysaccharide component ALP-D was extracted and purified from the fruits of Amomum longiligulare and subse-
quently used for further experiments. The structure of ALP-D was characterized by FT-IR, monosaccharide composition and molecular
weight. The optimal conditions for the green synthesis of silver nanoparticles using ALP-D were determined through single-factor
experiments. The synthesized silver nanoparticles were characterized by UV-Vis spectroscopy, FT-IR, DLS, HRTEM and XRD.
Finally, the in vitro antioxidant activity, antibacterial activity and anticancer activity of the nano-silver composite were evaluated.
Results: Single-factor experiments identified the optimal synthesis conditions for ALP(D)-AgNPs as a reaction time of 180 min, a
temperature of 100 °C, and a 10:1 volume ratio of silver nitrate to ALP-D. The free radical scavenging activity of ALP(D)-AgNPs
against DPPH and ABTS was significantly enhanced compared with that of ALP-D. The minimum inhibitory concentration (MIC)
values of ALP(D)-AgNPs against E coli and B subtilis were 31.25 pg/mL, while the MIC value against S aureus was 62.5 pg/mL. The
minimum bactericidal concentration (MBC) values of ALP(D)-AgNPs were 125 pg/mL for E coli, B subtilis, and S aureus. The IC50
values of ALP(D)-AgNPs on the MDA-MB-231, HepG2, Caco-2, and C6 cancer cell lines were 14.72 £+ 0.23, 8.19 + 0.65, 22.73 +
3.01, and 15.77 £ 2.91 pg/mL, respectively.

Conclusion: In summary, we have identified a novel material for the green synthesis of silver nanoparticles. The results show the
ALP(D)-AgNPs synthesized using the new material ALP-D exhibit excellent stability and dispersibility. Furthermore, the biological
activity reveals that ALP(D)-AgNPs possess notable antioxidant, antibacterial, and cancer-suppressing activities.
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Introduction

The Chinese Pharmacopoeia (2020 edition) stipulates Amomi Fructus as the dry and ripe fruits of Amomum villosum
Lour, Amomum villosum Lour.var.xanthioides T.L.Wu et Senjen or Amomum longiligulare T.L.Wu, which belong to the
cardamom plants of the Zingiberaceae family.! Amomum longiligulare T.L.Wu is mainly cultivated in Chengmai,
Lingshui, and other counties in Hainan, China, where it is recognized as a unique variety with a history of use more
than 1300 years.” The fruits of 4. longiligulare serve as both a traditional medicinal and edible material. While previous
studies have primarily focused on small molecule drugs, research on polysaccharide macromolecules derived from the

fruits of A. longiligulare remains limited. However, modern investigations have increasingly highlighted polysaccharides
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due to their non-toxicity, biodegradability and excellent biocompatibility. These advantages have facilitated the applica-
tion of polysaccharides across various industries, including food and biomedicine.’

Silver nanoparticles are widely used in biomedical applications due to their antibacterial, antioxidant, and anticancer
properties.* However, the traditional synthesis methods for silver nanoparticles can lead to environmental pollution, and
the organic reagents employed are often toxic to humans.” Consequently, their application in the medical field is limited.
This underscores the urgent need for new, environmentally friendly synthesis method for silver nanoparticles. Nowadays,
to address the toxicity associated with conventional techniques, researchers have recently developed rapid and green
synthesis methods for nanoparticles that utilizes biological extracts. Various sources, including bacteria,® fungi,” algae,®
plants,” yeast'® and other extracts have been employed to prepare silver nanoparticles.

Recent studies have demonstrated that silver nanoparticles can be synthesized using plant polysaccharides in an
environmentally friendly manner, employing a one-step process that does not require the addition of organic reagents.""
Moreover, it has been shown that polysaccharides not only prevent the aggregation of silver nanoparticles but also reduce the
toxicity of silver nanoparticles.'* This process offers several advantages, including cost-effectiveness, environmental protec-
tion and non-toxicity.'*'* For example, Ma et al'> extracted soluble soybean polysaccharides from soybeans and successfully
prepared stable nano-silver particles with an average particle size of 2.9 £ 0.7 nm, which exhibited notable antibacterial
activity. Similarly, Yang et al'® utilized pachyman to synthesize nano-silver particles that also showed significant antibacterial
properties. Furthermore, Li et al'” reported that PPP-AgNPs, synthesized from polysaccharides derived from Phlebopus
portentosus, displayed antioxidant, antibacterial, anti-cancer and anti-diabetic activities. These studies collectively confirm
that polysaccharides can serve as effective reducing agents and stabilizers for silver nanoparticles, and it has been established
that silver nanoparticles synthesized by polysaccharides possess substantial biological activity.

Therefore, this study aims to investigate the development and utilization of polysaccharide-mediated green synthesis
of silver nanoparticles. Previous research conducted by our research group has revealed a high polysaccharide content in
the fruits of A. longiligulare. The green synthesis of silver nanoparticles using polysaccharides offers a significant
advantage by mitigating the harmful effects associated with traditional synthesis methods that rely on organic reagents.
Currently, there is a lack of research focused on the green synthesis of silver nanoparticles utilizing the polysaccharides
derived from A. longiligulare fruits. Therefore, the objective of this experiment is to synthesize nano-silver particles
using polysaccharides extracted from these fruits. This study not only aims to enhancing the understanding of green
synthesis methods for silver nanoparticles but also seeks to further develop and utilize the potential value of A.
longiligulare fruits.

In this study, the polysaccharide component ALP-D was extracted from ALP and utilized as both a reducing agent
and a stabilizing agent in the synthesis of AgNPs. The structure of the ALP-D component was characterized through
ultraviolet-visible spectroscopy, monosaccharide component detection, molecular weight determination, Fourier trans-
form infrared spectroscopy, Congo red assay and thermal stability analysis. The synthesis conditions for ALP(D)-AgNPs
were optimized by SFE, resulting in the preparation of stable and uniform AgNPs. Subsequently, these nanoparticles
were characterized using UV-Vis, FT-IR, TEM, XRD, and DLS techniques. Finally, the in vitro antioxidant activity of
ALP(D)-AgNPs was evaluated using DPPH and ABTS free radical scavenging assays. The antibacterial activity of ALP
(D)-AgNPs against E coli, S aureus, and B subtilis was assessed using the punching method. MIC and MBC of ALP(D)-
AgNPs against E coli, S aureus and B subtilis were detected using 96-well plate method. The effects of MIC and MBC
on the growth curves of E coli, S aureus and B subtilis were determined by OD. Additionally, the anticancer activity of
ALP(D)-AgNPs on HepG2,Caco-2, C6, and MDA-MB-MB-231 cells was evaluated using the CCK-8 assay.

Materials and Methods

Materials and Reagents

The fruits of A. longiligulare were purchased from Baisha County, Hainan Province. After identification by Professor
Tian Jianping, the voucher specimen (ALF202304) was preserved in the drying room of AB701 Chinese herbal medicine
in the experimental building of Hainan Medical University, Haikou City, Hainan Province, China. Bacterial strains,
including E coli, B subtilis, and S aureus were obtained from the Guangzhou Microbial Preservation Center. Silver
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nitrate, sodium chloride, sodium hydroxide and anhydrous ethanol were purchased from Xilong Science Co., Ltd.
Additionally, Congo red, ABTS and DPPH were sourced from Aladdin. Glucose and antihemorrhagic acid were procured
from Tianjin Damao Chemical Reagent Factory. Potassium persulfate was supplied by Ron, while DEAE-52 was
acquired from White Shark Reagent Co., Ltd. Sulfuric acid was purchased from Chengdu Cologne Chemicals Co.,
Ltd., and phenol was obtained from Xilong Chemical Co., Ltd. C6 and Caco-2 cells were purchased from ShangHai
Saibaikang Biotechnology Co., Ltd. MDA-MB-231 and HepG2 cells were purchased from Wuhan Punosai Life
Technology Co., Ltd.

Extraction, Separation and Purification of ALP

The extraction of ALP was conducted following the method described by Hu et al'®

with slight modification. The
extraction process lasted for 1 h, was performed three times and occurred at a temperature of 100 °C. The liquid-to-solid
ratios for the three extractions were 20:1, 15:1, and 10:1 (mL/g), respectively. The combined extract solution was
concentrated to one-fifth of the original volume using a rotary evaporator to yield a concentrated solution. Anhydrous
ethanol was then added to this concentrated solution at a ratio of 1:4. After mixing evenly, the solution was allowed to
stand for 24 h at 4 °C, followed by filtration to obtain polysaccharide precipitation. The extracted polysaccharide was
redissolved, and proteins were eliminated using the Sevag method. Finally, the polysaccharide solution was concentrated
using a rotary evaporator, followed by dialysis (with a molecular weight cut-off of 3500 Da) and freeze-drying, resulting
in the acquisition of crude polysaccharide.

A suitable quantity of crude polysaccharide was measured and dissolved in distilled water to create a 5 mg/mL crude
polysaccharide solution. Following filtration, the sample was applied to a DEAE-52 cellulose column (2.5 x 40 cm) and
eluted using a gradient of 0, 0.1, 0.2, 0.3, and 0.4 mol/L NaCl solutions. The elution rate was maintained at 2 mL/min,
with each tube collecting 10 mL of eluent, resulting in a total of 80 tubes collected for each gradient. For detection, the
phenol-sulfuric acid method was employed. Four elution components were identified: ALP-A, ALP-B, ALP-C, and ALP-
D. Among these, ALP-D was the main component, and its eluent was then concentrated, dialyzed (with a molecular
weight cut-off of 3500 Da) and lyophilized.

Characterization of ALP-D

Determination of Molecular Weight

The molecular weight of ALP-D was determined using high performance gel chromatography. The chromatographic
column employed was a PL aquagel-OH Mixed-H, with detection performed using an evaporative light scattering
detector. The sample concentration was established at 1 mg/mL, the mobile phase consisted of water, the flow rate
was maintained at 1 mL/min, the column temperature was set to 30 °C, and the injection volume was 40 pL.

Monosaccharide Composition Analysis

The analysis of the monosaccharide composition of ALP-D was conducted following the method described by Gao
et al'” with minor modifications. In summary, ALP-D was hydrolyzed using 2 mol/L of trifluoroacetic acid, and the
resulting hydrolyzed product was derivatized with 1-phenyl-3-methyl-5-pyrazolone (PMP). The analysis was then
performed using HPLC with a Thermo Fisher UltiMate 3000 chromatograph, adhering to the same standard procedures
applied to the twelve monosaccharides, which included hydrolysis followed by derivatization.

FT-IR and UV-Vis Analysis
ALP-D was mixed with potassium bromide (KBr) and compressed into pellets, after which the FT-IR spectrum was
collected using the ShimadzulRTracer 100 spectrometer in Japan, covering a range of 4000—400 cm ™"

Additionally, ALP-D was dissolved in distilled water (1 mg/mL), and the ultraviolet spectrum was recorded in the

range of 200-600 nm using a UV-Vis spectrophotometer (A590, AOE instrument, Shanghai, China).

Congo Red Test
The ALP-D Congo red detection method is based on the protocols established by Zhang Huihui et al*® with slight
modifications. Specifically, 2 mL of the ALP-D solution was mixed with 2 mL of the Congo red solution, followed by the
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addition of varying volumes of 1 mol/L NaOH solution and distilled water, thereby adjusting the final concentration to a
range of 0 to 0.5 mol/L. After allowing the mixture to react for 10 minutes in a dark environment, the maximum
absorption wavelength of the resulting solution at different concentrations was measured using UV-Vis spectroscopy.

Thermal Stability Analysis

The thermogravimetric analyzer (PE-TGA4000, USA) was used to assess the thermal stability of ALP-D (4.39 mg). The
nitrogen gas flow rate was maintained at 19.8 mL/min, while the temperature was incrementally increased at a rate of 10 °C
per minute, rising from 30 °C to 800 °C.

Preparation of Silver Nanoparticles ALP(D)-AgNPs

Preparation of ALP-D, Silver Nitrate and ALP(D)-AgNPs Solution

Preparation of ALP-D Solution

Approximately 5 mg of ALP(D) was accurately weighed and transferred into a 50 mL beaker. Subsequently, 10 mL of
distilled water was added to completely dissolve the compound, resulting in a 5 mg/mL ALP(D) solution. It is important
to note that the ALP(D) solution is unstable and should be used promptly.

Preparation of Silver Nitrate Solution

A total of 850 mg of silver nitrate was accurately weighed and subsequently dissolved in distilled water. The resulting
solution was then transferred to a 50 mL brown glass bottle to achieve a concentration of 100 mmol/L silver nitrate
solution. As per the experimental requirements, ultrapure water was added to dilute the solution, resulting in a final

concentration of 10 mmol/L silver nitrate.

Preparation of ALP(D)-AgNPs Solution

The preparation of the ALP(D)-AgNPs solution involved mixing 1 mL of the ALP(D) solution with 10 mL of silver
nitrate solution in a 25 mL volumetric flask. Distilled water was then added to achieve a final volume of 25 mL. The
reaction was conducted at a vibration frequency of 120 r/min, with a reaction time of 180 min at a temperature of 100 °C.
After the reaction, the resulting ALP(D)-AgNPs solution was transferred to a cuvette, and its absorbance was measured at
the maximum absorption peak within the range of 300 to 800 nm using a ultraviolet spectrophotometer, with water
serving as the blank control.

Single Factor Experiment

Reaction Time

The volume ratio of the ALP-D solution to the silver nitrate solution was set at 1: 10. Then, the two solutions were mixed
and transferred into a 25 mL volumetric flask. Distilled water was added to reach the designated scale line, and the
reaction was conducted at 90 °C. Under these conditions, seven distinct nano-silver solutions were prepared correspond-
ing to reaction times of 30, 60, 90, 120, 150, 180, and 240 min.

Reaction Temperature

The volume ratio of the ALP-D solution to the silver nitrate solution was maintained at 1:10. These solutions were then
mixed and transferred into a 25 mL volumetric flask, to which distilled water was added up to the designated scale line. A
total of five mixed solutions were prepared and allowed to react for 120 min at temperatures of 50, 60, 70, 80, and 90 °C,
respectively.

Volume Ratio of ALP-D Solution to Silver Nitrate Solution

A volume of 1 mL of ALP-D solution (5 mg/L) was added to various volumes of silver nitrate solution (10 mmol/L),
specifically 2, 6, 10, 12, and 14 mL, the resulting ALP(D) to silver nitrate ratios were 1:2, 1:6, 1:10, 1:12, and 1:14,
respectively. The mixture was then diluted to 25 mL and subjected to a reaction at 90 °C for 120 min.
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Characterization of ALP(D)-AgNPs

UV-Vis Spectrum

The synthesis of ALP(D)-AgNPs was confirmed using UV-Vis spectroscopy. The scanning wavelength range was
established at 300 to 800 nm, and the UV-Vis spectrum of the ALP(D)-AgNPs was recorded within this range, utilizing
distilled water as a blank control.

FT-IR Spectrum
ALP(D)-AgNPs were mixed with potassium bromide (KBr) powder and then compressed into flakes. The FT-IR

spectrum was recorded on a Shimadzu IR Tracer 100 spectrometer in Japan, covering a range from 4000 to 400 cm .

Particle Size and Potential Analysis
The zeta potential and particle size of the ALP(D)-AgNPs were measured using a DLS tester. The diluted ALP(D)-
AgNPs solution was placed in a cuvette for analysis at 25 °C.

High Resolution Transmission Electron Microscopy (HRTEM)

The morphology of ALP(D)-AgNPs was examined using HRTEM. Initially, 10 puL of the ALP(D)-AgNPs solution was
deposited onto a specialized copper mesh, allowing the water to evaporate naturally. The copper mesh was then mounted
on the sampling table of the instrument and analyzed using transmission electron microscopy at an accelerating voltage
of 200 kV.

X-Ray Diffraction
ALP(D)-AgNPs were characterized by XRD with a Bruker D8 Advance instrument from Germany. The analysis
employed copper Ko radiation at 40 kV and 40 mA (A = 1.54 A). The film sample was scanned from 10° to 80° at a
scan rate of 0.3°/s.

Biological Activity of ALP(D)-AgNPs

Antioxidant Activity of ALP(D)-AgNPs in vitro

DPPH Free Radical Scavenging Activity

According to the established method in the literature,”' 50 pL of a 0.1 mmol/L DPPH solution was introduced into 96-
well plates, followed by the addition of 50 pL of ALP(D)-AgNPs at different concentrations. Anhydrous ethanol was
used as the sample control group instead of DPPH, while deionized water served as the blank control group in place of
the ALP(D)-AgNPs solution. Vitamin C was employed instead of ALP(D)-AgNPs. After thoroughly mixing the groups,
the reaction was shielded from light for 30 min, and the absorbance was measured at 517 nm. The scavenging rate was
calculated using the following formula: DPPH radical scavenging rate (%)=1-(A;-A,)/A¢x100. In this formula, Ag
represents the absorbance value of the blank control group, A; denotes the absorbance value of the sample determination
group, and A, indicates the absorbance value of the sample control group.

ABTS Free Radical Scavenging Activity

Based on the methodology described in the literature with minor revisions,”> ABTS was prepared by mixing 10 mL of a
7 mmol/L. ABTS reserve solution with 100 mL of a 2.45 mmol/L K,S,Og solution, allowing the mixture to react in a
refrigerator at 4 °C for 12 to 16 h. Prior to use, the ABTS was diluted with PBS to achieve an absorbance of 0.7 + 0.02 at
734 nm, resulting in the ABTS working solution. A 50 pL aliquot of the ALP(D)-AgNPs solution, Vitamin C (as a
positive control) or deionized water (as a blank) was placed in a 96-well plate. Distilled water served as the sample
control group in place of the ABTS working solution, to which 50 pL of the ALP(D)-AgNPs solution was added and
mixed thoroughly. After allowing the reaction to proceed in the dark for 6 min, the absorbance at 734 nm was measured
using a microplate reader, and the ABTS free radical scavenging rate was calculated to assess the scavenging ability
against ABTS free radicals. The formula for calculation is as follows: ABTS radical scavenging rate (%) =1 - (A; - A,) /
Ay % 100. In this formula, A, represents the absorbance value of the blank control group; A; denotes the absorbance
value of the sample determination group; and A, indicates the absorbance value of the sample control group.
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Antibacterial Activity of ALP(D)-AgNPs

Punching Method

Bacteria including E coli, S aureus and B subtilis were diluted to 10° CFU/mL using a sterile PBS solution, then 100 pL
of the diluted cultures was evenly coated onto LB solid medium. A 10 mm puncher was employed to create wells into
which 100 pL (1 mg/mL) of sterilized samples were introduced. The culture dish was then incubated at a constant
temperature of 37 °C for 24 h. After the incubation period, the culture dish was removed, and the size of the inhibition

zone was measured and recorded using a standard camera.

MIC and MBC of ALP(D)-AgNPs

Bacterial strains including E. coli, S aureus, and B subtilis were diluted to 10° CFU/mL using LB liquid medium for
subsequent use. The sample solution was further diluted to a concentration of 0.5 mg/mL in LB liquid medium.
Subsequently, 100 pL of LB liquid medium was added to wells two through twelve of a 96-well plate, while 200 pL
of the 1 mg/mL sample-medium mixture was added to the first well. Next, 100 pL of the sample-medium mixture was
transferred to the second well, followed by an additional 100 pL to the third well. This dilution process was continued,
resulting in a twofold dilution of the sample solution. Finally, 100 pL of the sample-medium mixture was withdrawn
from the twelfth well and discarded. The sample solution was then replaced with PBS solution, and the previous steps
were repeated to serve as the control group. A 100 pL diluted bacterial solution was added to each well of the 96-well
plate, resulting in an initial sample concentration of 0.5 mg/mL. The plates were incubated at a constant temperature of
37 °C for 24 h, after which the MIC values were photographed and recorded. Subsequently, the first turbid well and the
first two clear wells were selected for coating and placed in a constant temperature incubator at 37 °C for 18 h. The
number of colonies was then counted and recorded, resulting in a colony count of 0, which indicated the MBC value.

Growth Curves of E coli, B subtilis and S aureus

During the logarithmic phase, the concentrations of the three test bacteria were diluted to 1x10° CFU/mL. ALP(D)-
AgNPs were then added to the solution at their respective MIC and MBC values, with saline serving as a control. The
mixed solution was then cultured in a shaker at 37 °C (150 r/min). The OD value at 600 nm was measured at regular
intervals over a 0 to 24 h using a UV-Vis spectrophotometer, allowing for the generation of a growth curve.

Anticancer Activity of ALP(D)-AgNPs

Cell Culture

Tumor cells, including HepG-2, C6, and MDA-MB-231, were maintained in a complete medium consisting of DMEM
supplemented with 10% fetal bovine serum at 37 °C. Caco-2 human colorectal adenocarcinoma cells were cultured in a
complete medium composed of MEM with 10% fetal bovine serum and were kept in a humidified CO, incubator. The
cells were harvested by trypsinization and subsequently seeded into culture plates or Petri dishes as per experimental
requirements.

Cytotoxicity Assay

The cytotoxicity of ALP(D)-AgNPs was assessed using the CCK8 assay. HepG-2, C6, Caco-2, and MDA-MB-231 cells
(1 x 10 cells/well) were plated in 96-well plates and cultured for 24 h to allow for adhesion and growth. Following this
incubation period, the medium was removed, and the cells were exposed to various concentrations of ALP(D)-AgNPs for
an additional 24 h. The concentration range of ALP(D)-AgNPs tested was 0 to 64 pg/mL.

Statistical Analysis
Statistical analysis was conducted using GraphPad Prism version 9.5.1 software. All quantitative data are expressed as
mean + standard deviation (x &+ s). Additionally, Origin 9.0 software (OriginLab company, United States) was utilized for

graphic analysis.
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Results

Extraction, Separation and Purification of ALP

The process of extraction and separation of ALP is illustrated in Figure 1A. The crude polysaccharide was separated by
DEAE-52 column chromatography. As depicted in Figure 1B, four elution peaks were obtained: ALP-A, ALP-B, ALP-C,
and ALP-D, with respective yields of were 0.24%, 1.74%, 2.87%, and 9.45% for each component.

Characterization of ALP-D

Determination of Molecular Weight

As shown in Figure 2A, the HPGPC spectrum of the purified ALP-D exhibited a single symmetrical peak with a retention
time of 20 min. The number average molecular weight (Mn) of ALP-D was determined to be 22,448 Da, while the
weight average molecular weight (Mw) was 45,984 Da, and the peak molecular weight (Mp) was 25,402 Da. The
calculated polydispersity index (PDI) obtained by dividing Mw by Mn, was found to be 2.04. This result indicates that
the molecular weight distribution of the synthesized ALP-D is broad and irregular. Therefore, it is speculated that ALP-D
is not a homogeneous polysaccharide and may contain some low molecular weight components.

Monosaccharide Composition Analysis

As shown in Figures 2B and C, ALP-D primarily consists of nine monosaccharides: mannose, rhamnose, glucuronic acid,
galacturonic acid, glucose, galactose, xylose, arabinose, and fucose. The relative contents of these monosaccharides are
2.34%, 9.47%, 3.29%, 57.17%, 2.37%, 8.46%, 6.45%, 9.78%, and 0.67%, respectively. Thus, ALP-D is classified as an
acidic polysaccharide, mainly composed of galacturonic acid.

FT-IR and UV-Vis Spectra
The FT-IR spectrum of ALP-D, presented in the range of 4000—400 cm ', exhibits the typical absorption characteristics
of polysaccharides, as shown in Figure 2D.? The prominent and broad peak around 3417 ¢cm™' corresponds to O-H

stretching vibrations, while the peak at 2937 cm™

represents C-H stretching bands. The absorption band observed at
1610 cm ' is associated with carbonyl (C=0) stretching vibrations, and the peaks at 1415 cm ' and 1330 cm ' are

attributed to C-H bending vibrations.”* Additionally, the absorption peaks at 1095 cm™ ' and 1022 cm™ ' correspond to the
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stretching vibrations of pyranose.?> Moreover, the faint peak around 893 cm ™' confirms the presence of a-configuration
glycosidic bonds.?®

The UV-Vis spectrum of ALP-D, shown in Figure 2E, reveals no significant absorption peaks at 260 nm and 280 nm,
suggesting that ALP-D is essentially free of nucleic acids and proteins.*’

Congo Red Test

As the concentration of NaOH increased, the structure of the Congo red complex was disrupted, resulting in a decrease in
the maximum absorption wavelength of the solution.”® Figure 2F illustrates that the maximum absorption wavelength of
the solution gradually increases as the NaOH concentration rises from 0 to 0.3 mol/L. Conversely, when the NaOH
concentration exceeds 0.3 mol/L, the maximum absorption wavelength starts to decrease gradually. These findings
suggest that ALP-D possesses a triple helix structure.”’

Thermal Stability Analysis

The TG curve presented in Figure 2G illustrates that the thermal weight loss process of ALP-D occurs in three distinct
stages. The initial stage, which takes place between 32 and 160 °C, is characterized by a weight loss rate of 11.18%. The
second stage, occurring between 160 and 490 °C, exhibits a weight loss rate of 47.29%, indicating that the polysacchar-
ide undergoes a vigorous reaction within this temperature range. In the third stage, from 490 to 600 °C, the weight
change of the polysaccharide becomes more gradual, ultimately reaching a state of thermal stability.

Synthesis of ALP(D)-AgNPs

In this study, ALP(D)-AgNPs were synthesized using a green method, with ALP(D) serving as both the stabilizer and
reducing agent. Figure 3A illustrates the effect of reaction time on the synthesis of ALP(D)-AgNPs. The formation of
silver nanoparticles was assessed using UV-Vis absorption spectroscopy to identify a peak around 420 nm. The results
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indicated a distinct maximum absorption peak at this wavelength, with the absorbance value increasing progressively as
the reaction time extended, suggesting a corresponding rise in nanoparticle concentration. During the time interval from
30 to 180 min, the absorbance of ALP(D)-AgNPs exhibited significant changes, peaking at 240 min. However, from 180
to 240 min, the absorbance of the nano-silver complex showed minimal variation. Thus, we selected 180 min as the
optimal reaction time.

Figure 3B illustrates the effect of reaction temperature on the synthesis of ALP(D)-AgNPs. Notably, no maximum
absorption peaks are observed in the UV-Vis spectrum at 60 and 70 °C, indicating that the nano-silver complex is not
produced at these temperatures. In contrast, maximum absorption peaks appear in the UV-Vis spectrum at 80, 90, and 100
°C, with absorbance values increasing progressively as the reaction temperature rises. This trend demonstrates the
dependence of ALP(D)-AgNPs synthesis on reaction temperature, leading us to select 100 °C as the optimal reaction
temperature.

Figure 3C depicts the impact of the volume ratio of ALP(D) to silver nitrate on the synthesis of ALP(D)-AgNPs. As
the volume ratio of ALP(D) to silver nitrate increases from 1:2 to 1:10, the absorbance value of ALP(D)-AgNPs
gradually rises. However, from a ratio of 1:10 to 1:14, the absorbance value decreases, potentially due to the formation of
larger particles or clusters of unformed AgNPs.*® Therefore, a volume ratio of ALP(D) to silver nitrate of 1:10 is selected
as the optimal reaction condition.

Based on the findings from the single-factor experiments, the optimal conditions for synthesizing ALP(D)-AgNPs are
established as follows: a volume ratio of ALP(D) to silver nitrate of 1:10, a reaction time of 180 minutes, and a reaction
temperature of 100 °C.

Characterization of ALP(D)-AgNPs

UV-Vis Spectrum

The synthesis of ALP(D)-AgNPs was conducted under optimal conditions, and their spectra were analyzed using UV-Vis
spectroscopy over the range of 300 to 800 nm. As illustrated in Figure 3D, the results indicated that ALP(D)-AgNPs
exhibited an absorption peak at 420 nm, whereas neither ALP(D) nor silver nitrate displayed any absorption peaks.
Furthermore, the UV-Vis spectrum of ALP(D)-AgNPs revealed a singular peak at 420 nm without any additional
absorption peaks, thereby confirming the successful formation of ALP(D)-AgNPs.'?

FT-IR Spectrum

Figure 4A shows that the FT-IR spectra of ALP-D and ALP(D)-AgNPs exhibit similar characteristic peaks, indicating
their fundamental similarity. However, most characteristic peaks associated with the functional groups of ALP(D)-AgNPs
exhibit a red shift and a decrease in peak intensity, which may result from the interaction between AgNPs and the
functional groups in ALP-D.*" These findings indicate that the functional groups in ALP-D are essential for the synthesis
of silver nanoparticles.

Analysis of Particle Size and Potential

As shown in Figure 4C, the results of dynamic light scattering (DLS) indicate that the particle size of ALP(D)-AgNPs in
aqueous suspension is 148 nm. Additionally, Figure 4B illustrates that the zeta potential is —33.25 mV. The absolute value
of the zeta potential of ALP(D)-AgNPs exceeds 20 mV, indicating that the stability of ALP(D)-AgNPs is favorable.

High Resolution Transmission Electron Microscopy (HRTEM)

The shape, size and distribution of the synthesized ALP(D)-AgNPs were verified by HRTEM. As illustrated in Figure 5,
the transmission electron microscope image reveals that the particles are spherical, well-dispersed, and exhibit no
obvious aggregation. The histogram of particle size distribution indicates that the size of the silver nanoparticles ranges
from 12 to 44 nm, with an average particle size of 29.64 nm.
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X-Ray Diffraction (XRD)

As shown in Figure 4D, XRD analysis reveals that ALP(D)-AgNPs exhibit four distinct diffraction peaks at 40.04°,
43.50°, 65.83°, and 74.68°, corresponding to the crystal planes of 111, 200, 220, and 331, respectively. These values
indicate that ALP(D)-AgNPs possess a face-centered cubic crystal structure.>

Biological Activity

Antioxidant Activity of ALP(D)-AgNPs in vitro

DPPH Free Radical Scavenging Activity

Figure 6A presents the DPPH free radical scavenging rates for both ALP(D)-AgNPs and ALP-D. The scavenging rates of
ALP(D)-AgNPs were recorded at 36.61%, 37.94%, 48.73%, 55.51%, 71.20%, and 76.20% for concentrations of 0.05,
0.1, 0.2, 0.4, 0.8, and 1 mg/mL, respectively. These data indicate that the scavenging activity of ALP(D)-AgNPs is
concentration-dependent, demonstrating an increase in activity with rising concentration, culminating in a maximum rate
of 76.20%. The half-scavenging concentration (half-inhibitory concentration) for ALP(D)-AgNPs was determined to be
0.21 mg/mL.

ABTS Free Radical Scavenging Activity

Figure 6B presents the results of the ABTS radical scavenging activity for both ALP(D)-AgNPs and ALP-D. The
ABTS radical scavenging rates for ALP(D)-AgNPs were recorded at 16.18%, 17.62%, 21.70%, 26.54%, 40.93%,
and 47.83% at concentrations of 0.05, 0.1, 0.2, 0.4, 0.8, and 1 mg/mL, respectively. This indicates that the ABTS
radical scavenging activity of ALP(D)-AgNPs is concentration-dependent, increasing with higher concentrations, and
ultimately reaching a maximum scavenging rate of 47.83%. In contrast, the ABTS free radical scavenging activity of
ALP-D at the same concentrations (0.05, 0.1, 0.2, 0.4, 0.8, and 1 mg/mL) was 0.99%, 6.90%, 7.67%, 13.03%,
16.87%, and 17.31%, respectively, with a maximum scavenging rate of 17.31%. These results demonstrate that the
synthesized silver nanoparticles [ALP(D)-AgNPs] exhibit a significantly stronger ABTS free radical scavenging rate
compared to ALP-D.

Antibacterial Activity of ALP(D)-AgNPs

Punching Method

In this study, S aureus, B subtilis and E coli were selected as representatives of Gram-positive and Gram-negative
bacteria. The results obtained from the punching method are presented in Figure 7A-C and Table 1. S aureus
exhibited the highest resistance to ALP(D)-AgNPs at a concentration of 1 mg/mL, resulting in the smallest
inhibition zone diameter of 8.33 + 0.57 mm. In contrast, B subtilis demonstrated the greatest sensitivity at the
same concentration, with an inhibition zone diameter of 10.33 £ 0.57 mm. The control group of all three bacteria
exhibited robust growth, indicating that the observed antibacterial activity can be attributed to the nanoparticles.
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Figure 6 Antioxidant activity of ALP(D)-AgNPs in vitro. (A) DPPH radical scavenging activity of ALP(D)-AgNPs. (B) ABTS radical scavenging activity of ALP(D)-AgNPs.
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Figure 7 Antibacterial activity of ALP-AgNPs. (A) The inhibition zone of S aureus. (B) The inhibition zone of E coli. (C) The inhibition zone of B subtilis. (D) The growth
curves of S aureus, E coli and B subtilis at 24 h were determined in ALP(D)-AgNPs with MIC and MBC concentrations and saline.

MIC and MBC of ALP(D)-AgNPs
As indicated in Table 2, the MIC values of ALP(D)-AgNPs against E coli and B subtilis were 31.25 pg/mL, while the
MIC value for S aureus was 62.5 pg/mL. The MBC values of ALP(D)-AgNPs for E coli, S aureus, and B subtilis were all

125 pg/mL.

Table 1 Inhibition Zone of ALP(D)-AgNPs

Sample

Diameter of inhibition zone (mm)

S aureus (ATCC29213)
E coli (ATCC25922)
B subtilis (ATCC6633)

8.33+0.57
10.00+0
10.33+0.57

Table 2 MIC and MBC of ALP(D)-AgNPs for Different

Bacteria

Sample

MIC (ng/mL)

MBC (ug/mL)

S aureus (ATCC29213)
E coli (ATCC25922)
B subtilis (ATCC6633)

62.5
31.25
31.25

125
125
125
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Growth Curves of E coli, B subtilis and S aureus

The growth curve presented in Figure 7D illustrates that the number of bacteria treated with ALP(D)-AgNPs at the MIC
was reduced, indicating an inhibition of growth. Notably, the bacteria count of E coli showed a significant increase at 16
h and 24 h, indicating that the antibacterial efficacy of ALP(D)-AgNPs against E coli is inferior to that observed for S
aureus and B subtilis. However, when the concentration of ALP(D)-AgNPs was increased to MBC, the OD value at 600
nm for the three bacterial cultures exhibited minimal increase. These results suggest that ALP(D)-AgNPs possess broad-
spectrum antibacterial properties.

Anticancer Activity of ALP(D)-AgNPs
The anticancer activity of ALP(D)-AgNPs on MDA-MB-231, HepG2, Caco-2 and C6 cell lines was assessed
using the CCK-8 assay. As illustrated in Figure 8, the synthesized ALP(D)-AgNPs exhibited dose-dependent
cytotoxicity towards these cancer cell lines, although the sensitivity varied among them. Table 3 presented the
IC50 values of ALP(D)-AgNPs for the MDA-MB-231, HepG2, Caco-2, and C6 cancer cell lines, which were
found to be 14.72 + 0.23, 8.19 + 0.65, 22.73 + 3.01, and 15.77 + 2.91 ug/mL, respectively. These results indicate
that the synthesized ALP(D)-AgNPs exhibit significant toxicity towards all cancer cell lines at their half-inhibitory
concentrations.

This study highlights the effectiveness of ALP(D)-AgNPs in inducing cell death in MDA-MB-231, HepG2, Caco-2,
and C6 cells, suggesting their potential application in the development of anticancer drugs.
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Figure 8 Anti-cancer effects of ALP(D)-AgNPs. (A) The anticancer effect of ALP(D)-AgNPs on MDA-MB-231 cells. (B) The anticancer effect of ALP(D)-AgNPs on HepG2
cells. (C) The anticancer effect of ALP(D)-AgNPs on Caco-2 cells. (D) The anticancer effect of ALP(D)-AgNPs on Cé cells.
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Table 3 Anti-Cancer Effect of ALP(D)-AgNPs

Sample 1Cs0 (ug/mL)

MDA-MB-231 HepG2 Caco-2 Ce

ALP(D)-AgNPs 14.72+0.23 8.19+0.65 | 22.73£3.01 | 15.77+2.91

Discussion

In this study, ALP-D was utilized as a reducing agent and stabilizer for the synthesis of nano-silver, resulting in the
successful production of nano-silver particles [ALP(D)-AgNPs]. The structure of ALP(D)-AgNPs was characterized by
FT-IR, UV-vis, TEM and XRD techniques. The green-synthesized ALP(D)-AgNPs exhibited structural characteristics
similar to those reported in previous studies. For example, UV-vis analysis revealed that the maximum absorption
wavelength of the synthesized nano-silver particles was 419 nm, which falls within the expected range for the nano-silver
particles. Additionally, the synthesized nano-silver solution exhibited a yellow color, consistent with findings from prior
research.’’ Furthermore, investigations into the biological activity demonstrated that ALP(D)-AgNPs possessed notable
antibacterial and anticancer properties.

In contrast to many studies focusing on the synthesis of AgNPs using plant crude polysaccharides alone, the use of
purified and separated polysaccharides (ALP-D) represents an innovative approach. This method specifically explore the
role of polysaccharides in the synthesis of nano-silver, effectively eliminating the influence of pigments and small
molecular impurities. Research has demonstrated that polysaccharides with a triple helix structure can promote the
effective dispersion of silver nanoparticles in water, serving as a dispersing agent during the synthesis process of silver
nanoparticles and preventing the aggregation of the nanoparticles.>* This experimental study confirmed that ALP-D
possesses a triple helix structure. It was found by HRTEM that ALP(D)-AgNPs exhibited excellent dispersibility.
Notably, the synthesized nano-silver particles [ALP(D)-AgNPs] remained suspended without precipitation for two
weeks, indicating not only good dispersibility but also significant stability.

This study found that ALP(D)-AgNPs exhibited excellent antibacterial activity against both Gram-negative bacteria
(E coli) and Gram-positive bacteria (S aureus and B subtilis). The MBC values of ALP(D)-AgNPs against E coli, S
aureus and B subtilis were determined to be 125 pg/mL. Previous reports indicates that a decrease in the particle size of
AgNPs enhances their efficacy in killing both Gram-negative and Gram-positive bacteria.>> This enhancement is
attributed to the ability of smaller AgNPs to penetrate bacterial cell membrane more readily, as their surface area is
considerably larger than that of larger AgNPs, thereby increasing the likelihood of interaction with bacterial cells.® For
instance, Talib et al found that silver nanoparticles synthesized using methanol extract were smaller than those
synthesized from water extract, with Met-AgNPs demonstrating the highest antibacterial activity against Pseudomonas
aeruginosa. This observation may be linked to the size of the particles, as Met-AgNPs are smaller than Ag-AgNPs.*’
Additionally, Xiong et al reported that silver nanoparticles of varying particle sizes (5 nm, 50 nm, 100 nm) exhibit
different antibacterial properties, with 5 nm nanoparticles showing the highest antibacterial activity.>® Agnihotri et al
prepared AgNPs ranging from 5 to 100 nm and found that AgNPs smaller than 10 nm had a more pronounced
bactericidal effect on E coli compared with larger AgNPs.*” In this study, the particle size of the synthesized nano-
silver ALP(D)-AgNPs ranged from 12 to 44 nm. The synthesized nano-silver particles exhibited a small size, which
contributed to their effective antibacterial activity against bacteria. Consequently, it is crucial in this study to utilize ALP-
D for the reduction, dispersion, and stabilization of AgNPs, as these factors may directly influence the functionality of
silver nanoparticles. However, the antibacterial mechanism of ALP(D)-AgNPs remains unclear. Research indicates that
the penetration of AgNPs into the inner membrane of cells can lead to the inactivation of respiratory chain dehydro-
genase, thereby inhibiting cellular respiration and growth.*® Additionally, it has been reported that the antimicrobial

activity of AgNPs in aqueous media is associated with their surface oxidation and the release of Ag ions.*!
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The IC50 values ALP(D)-AgNPs against the MDA-MB-231, HepG2, Caco-2 and C6 cancer cell lines were 14.72 +
0.23, 8.19 £ 0.65, 22.73 +£ 3.01, and 15.77 + 2.91 pg/mL, respectively. These IC50 values indicated that ALP(D)-AgNPs
exhibit significant and broad-spectrum anticancer activity. Studies demonstrates that silver nanoparticles can induce
apoptosis, cause DNA fragmentation, and inhibit cell proliferation in cancer cells.** The enhanced cytotoxicity of ALP
(D)-AgNPs in the MDA-MB-231, C6, HepG2 and Caco-2 cell lines may be attributed to their increased cellular uptake
and stability. Research has shown that AgNPs are not significantly affected by B-glycoprotein efflux, allowing them to
easily penetrate cancer cells due to their smaller size and larger surface area.*’ Previous studies have also indicated that
AgNPs synthesized using polysaccharides possess considerable anticancer potential. For example: Devasvaran et al
employed crude polysaccharide extracted from Clinacanthus nutans using an alkaline method to synthesize AgNPs via
microwave-assisted green synthesis, resulting in an average particle diameter of 7.48 + 2.88 nm. The IC50 values of
ALK-AgNPs for MCF-7 and HT-29 cells were recorded at 5.08 + 0.97 pug/mL and 5.46 + 0.16 pg/mL, respectively.**
Additionally, Bidhayak et al extracted polysaccharide from Acalypha australis to serve as a reducing agent and stabilizer
in the preparation of polysaccharide nano-silver particle complexes with particle sizes ranging from 7.25 nm to 92.51 nm.
The presence of silver in PS-AgNPs was confirmed through energy dispersive X-ray (EDX) analysis, demonstrating that
PS-AgNPs exhibit certain anticancer activity.*> Platinum spirulina polysaccharide (PSP) has been demonstrated to
synthesize silver nanoparticles (AgNPs) through a green manner, and its potential role in cancer treatment has been
established. Specifically, the AgNPs derived from PSP exhibit superior anticancer activity against liver cancer cell lines,
with an IC50 value of 24.5 pg/mL.*® Studies indicate that the cytotoxicity of silver nanoparticles is influenced by factors
such as particle size and concentration; larger particles generally exhibit lower toxicity compared to smaller ones, while
higher concentrations are more likely to induce cellular damage.?” In this experiment, the particle size of the nano-silver
synthesized via green synthesis was measured at 29.64 nm. It was observed that ALP(D)-AgNPs demonstrated significant
antitumor activity against four different cancer cell lines. In line with previous research findings, smaller particle sizes of
nano-silver correlate with enhanced antitumor efficacy.

Conclusion

In this study, ALP-D was extracted and isolated from the fruits of A. longiligulare using a water extraction method
followed by alcohol precipitation. Several structural features of ALP-D were identified through various characterization
techniques. Following this, ALP(D)-AgNPs were successfully synthesized via a green chemical method, with ALP-D
serving as both a stabilizing and reducing agent. The size, stability, morphology, and structure of ALP(D)-AgNPs were
characterized by different methods. Biological activity assays demonstrated that ALP(D)-AgNPs exhibited certain
antioxidant capacity and antibacterial activity. Additionally, ALP(D)-AgNPs displayed anticancer activity against
MDA-MB-231, HepG2, Caco-2 and C6 cancer cell lines. Notably, the preparation of ALP(D)-AgNPs was achieved
through a method characterized by low energy consumption and minimal toxic side effects on the environment. This
study provides a novel approach to the preparation of nano-silver materials and proposes an innovative pathway for the
development and utilization of the fruits of Amomum longiligulare. However, it is important to note that this study only
explored the antibacterial and anticancer activities of ALP(D)-AgNPs at a preliminary level. While notable antibacterial
properties were observed, the mechanisms underlying their anticancer and antibacterial effects remain unclear. Therefore,
we plan to conduct further investigations into the antibacterial and anticancer mechanisms of ALP(D)-AgNPs in the
future.

Abbreviations

ALP, Amomum longiligulare fruit polysaccharide; CCK-8, Cell Counting Kit-8; FT-IR, Fourier Transform Infrared
Spectrometer; UV-Vis, Ultraviolet and visible spectrophotometry; MIC, Minimum inhibitory concentration; MBC,
Minimum bactericidal concentration; HepG2, human hepatocellular carcinomas; C6, rat C6 glioma cells; Caco-2,
human colorectal adenocarcinoma; MDA-MB-231, human breast cancer cells; S Aureus, Staphylococcus aureus; E
coli, Escherichia coli; B Subtilis, Bacillus subtilis; SFE, Single factor experiment; XRD, X-ray diffraction; ALP-D, ALP
(D); TEM, transmission electron microscopy; AgNPs, Silver nanoparticles; DLS, dynamic light scattering; IC50, Half
maximal inhibitory concentration.
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