International Journal of Nanomedicine Dove

ORIGINAL RESEARCH

Characterization of Silver Nanoparticles
Synthesized by Leaves of Lonicera japonica Thunb

Yu Zhang'_3‘*, Li Cuiz’*, Yizeng Lu4, Jixiang Hes, Hidayat Hussain6, Lei Xie4, Xuan Sun2,
Zhaoqing Meng7, Guiyun Cao’, Dawei Qin', Daijie Wangz'3

'School of Chemistry and Chemical Engineering, Qilu University of Technology (Shandong Academy of Sciences), Jinan, 250353, People’s Republic of
China; 2School of Pharmaceutical Sciences and Key Laboratory for Applied Technology of Sophisticated Analytical Instruments of Shandong Province,
Shandong Analysis and Test Center, Qilu University of Technology (Shandong Academy of Sciences), Jinan, 250014, People’s Republic of China;
3Biological Engineering Technology Innovation Center of Shandong Province, Heze Branch of Qilu University of Technology (Shandong Academy of
Sciences), Heze, 274000, People’s Republic of China; “Shandong Provincial Center of Forest and Grass Germplasm Resources, Jinan, 250102, People’s
Republic of China; >School of Pharmacy, Shandong University of Traditional Chinese Medicine, Jinan, 250353, People’s Republic of China; ®Department
of Bioorganic Chemistry, Leibniz Institute of Plant BioChemistry, Halle, D-06120, Germany; “Shandong Hongjitang Pharmaceutical Group Co., Ltd.,
Jinan, 250103, People’s Republic of China

*These authors contributed equally to this work

Correspondence: Dawei Qin, School of Chemistry and Chemical Engineering, Qilu University of Technology (Shandong Academy of Sciences), Jinan,
250353, People’s Republic of China, Tel/Fax +86 53189631208, Email gqdw@gqlu.edu.cn; Daijie Wang, Biological Engineering Technology Innovation
Center of Shandong Province, Heze Branch of Qilu University of Technology (Shandong Academy of Sciences), Heze, 274000, People’s Republic of
China, Tel +86 53182605319, Fax +86 53182964889, Email wangdaijie@qlu.edu.cn

Background: The leaves of L. japonica (LLJ) are widely used as medicine in China. It is rich in caffeoylquinic acids, flavonoids and
iridoid glycosides and has strong reducing capacities. Therefore, it can be used as a green material to synthesize silver nanoparticles.
Methods: LLJ was used as a reducing agent to produce the LLJ-mediated silver nanoparticles (LLJ-AgNPs). The structure and
physicochemical properties of LLJ-AgNPs were characterized by ultraviolet spectroscopy (UV-Vis), scanning electron microscopy
(SEM), transmission electron microscopy (TEM), Fourier transform infrared spectroscopy (FTIR), and x-ray powder diffraction
(XRD). Antioxidant activity of LLJ-AgNPs was determined by 1,1-diphenyl-2-picrylhydrazyl (DPPH) scavenging. Antibacterial
activity was determined by 96 well plates (AGAR) gradient dilution, while the anticancer potential was determined by MTT assay.
Results: The results showed LLJ-AgNPs had a spherical structure with the maximum UV-Vis absorption at 400 nm. In addition, LLIJ-
AgNPs exhibited excellent antioxidant properties, where the free radical scavenging rate of LLJ-AgNPs was increased from 39% to
92% at concentrations from 0.25 to 1.0 mg/mL. Moreover, LLJ-AgNPs displayed excellent antibacterial properties against E. coli and
Salmonella at room temperature, with minimum inhibitory values of 107® and 10> g/L, respectively. In addition, the synthetic LLJ-
AgNPs exhibited a better inhibition effect in the proliferation of cancer cells (HepG2, MDA-MB —231, and Hela cells).
Conclusion: The present study provides a green approach to synthesize LLJ-AgNPs. All those findings illustrated that the produced
LLJ-AgNPs can be used as an economical and efficient functional material for further applications in food and pharmaceutical fields.
Keywords: leaves of Lonicera japonica Thunb, LLJ-AgNO3-NPs, green approach, antioxidant, antibacterial, anticancer

Introduction

In recent years, more and more researchers have shifted their research focus to functional natural products, such as Coptis
Chinensis Franch, Forsythia Suspense (Thunb.) Vahl, and Lonicera japonica Thunb, due to their excellent functionalities
such as anti-oxidant, anti-bacterial, and anti-cancer effects.' ® The Leaves from L. Jjaponica (LLJ) are traditionally used
as medicine in Asian countries. It is rich in caffeoylquinic acids, flavonoids and iridoid glycosides, which have
antioxidant, antivirus, antibacterial and other functional properties’ > Nanoparticles (NPs) are widely used in biology,
medicine, electrical, and chemical industries.'® The interest in using metal colloids as nanocarriers has been growing as
their structure can be modified by introducing specific functional groups.'* The performance of NPs can be controlled by
two parameters: size and shape.'” Silver nanoparticles (AgNPs) are fine particles of metallic silver ranging in size from 1
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to 100 nm. They are versatile nanomaterials and have excellent functional properties, such as antimicrobial, antifungal,
and anti-inflammatory capacities.'®
Although there are many ways to synthesize nanoparticles, research about the green synthesis method has become

19:20° microorganisms,?'

a hot topic in recent years.'”"'® A variety of reducing agents, including biomass, plant extracts,
have been used in green synthesis research.”> Among those reducing agents, biomass, especially flavonoids, was
considered one of the most effective compounds to reduce Ag” to AgNPs. More importantly, flavonoids are present
widely in almost all plants, which indicates they are economically available and sustainable.

The current research aims to develop a green and innovative method to produce AgNPs using LLJ extract as
a reducing agent. The structural and physicochemical properties of produced AgNPs were characterized using ultraviolet
spectroscopy (UV-Vis), scanning electron microscopy (SEM), transmission electron microscopy (TEM), Fourier trans-
form infrared spectroscopy (FTIR), and X-ray powder diffraction (XRD). Moreover, the functional properties of AgNPs,

including anti-oxidant, anti-bacterial, and anti-cancer properties, were investigated in this study.

Materials and Methods

Materials

The leaves of LLJ were collected in Linyi, Shandong Province, and identified by Prof. Jixiang He (College of
Pharmacy, Shandong University of Traditional Chinese Medicine). A voucher specimen (20180701006) has been
deposited at the Shandong Analysis and Test Centre. All chemicals, including trifluoroacetic acid, trimethylamine,
2,2-Diphenyl-1-pyridine hydrazide (DPPH), butylated hydroxytoluene (BHT), silver nitrate for AgNPs synthesis, and
anhydrous were analytical grade and purchased from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). All
aqueous solutions were prepared using deionized water produced by the Milli-Q osmosis system (Millipore, USA).
HeLa cell lines were bought from the American Type Culture Collection. HepG2 cell lines were purchased from the
Shanghai Gefan Biotechnology Co., Ltd (GF589). MDA-MB-231 cells were obtained from the Nanjing Cobioer
Biosciences Co., Ltd (CBP60382).

Apparatus

The FTIR results were determined and analyzed using Nicolet 710 FTIR spectrometer (Thermo Fisher, USA). The metal
composition of the nanoparticles was determined using IRIS Advantage OPTIMA 7000DV inductively coupled plasma
atomic emission spectrometer (Thermo Perkin-Elmer). Surface morphology, particle size, and microstructure of the NPs
were determined using a SUPRA™ 55 Thermal Field Emission Scanning Electron Microscopy (Carl Zeiss, Germany).
The transmission electron microscopy images of the NPs were acquired using a JEM-2100F transmission electron
microscope (JEOL, Japan). X-ray diffraction studies were performed using an EMPYREAN X-ray diffractometer
(PANalytical, The Netherlands). A Genesys 10S UV-vis spectrometer (Thermo Fisher) was used for ultraviolet and
visible spectral analysis.

Preparation of LL] Extracts

Fifty grams of the dried LLJ were crushed into powder and added to 500 mL 75% ethanol solution. The samples were
extracted using ultrasonication at 50°C for 40 minutes to obtain the crude extract. The obtained sample solution was then
extracted three times with isometric petroleum ether. The remaining aqueous solution was freeze-dried. Finally, 12.6 g of
crude LLJ extracts were obtained with a yield of 25.2% (w/w).

Synthesis of Silver Nanoparticles

The freeze-dried LLJ extracts (20 mg) were dissolved in 9 mL of deionized water and then mixed with AgNO; solution,
which was then placed in an oil bath at a temperature of 60 °C and maintained for 24 h for complete reaction. After that,
the produced suspension was centrifuged at 8000 rpm for 30 minutes. The concentration of Ag" in the supernatant, which
represented unconverted Ag, was determined by ICP. The precipitated AgNPs were washed three times using deionized
water to remove the excess organics and stored in the refrigerator for further use.
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Reaction Condition Optimization for Biosynthesis

The optimal conditions for AgNPs biosynthesis were determined by changing the concentration of LLJ, pH, and
temperature. Nine mL of LLJ solution with different concentrations was mixed with 1 mL AgNO; solution (1ImL) to
achieve the final LLJ concentrations of 8, 10, 15, and 20 mg/mL, respectively. Trifluoroacetic acid and triethylamine
were used to adjust the pH values to 2, 4, 6, 8, and 10. For the determination of the optimum reaction temperature,
different temperatures (40, 50, 60, and 70°C) were used to produce the nanoparticles.

Characterization of Silver Nanoparticles

Ultraviolet-Visible Spectroscopy

Surface plasmon resonance (SPR) peaks of formed AgNPs nanoparticles were monitored using a UV-Vis spectro-
photometer (UV-Vis spectra). Aliquots of the samples (AgNPs diluted with distilled water) were poured into a 1.0 cm
cell, and then the UV-Vis spectra were recorded in the wavelength range of 330-800 nm. All experiments were
performed at room temperature (25°C).

SEM, TEM, FTIR, XRD, and XPS Analysis

Scanning electron microscopic analysis (SEM) was used to observe the microstructure of AgNPs at different magnifica-
tions. Images of the AgNPs were acquired using a Quanta 200FEG SEM spectrometer at 20 kV, 10 mA, SE mode, and
spot size 3.5 (Hillsboro, OR, USA). The xerogel was coated with a thin layer of gold by sputtering before observation.
After dropping a thin layer of AgNPs on a carbon-coated copper grid, the size and morphology of silver nanoparticles of
the sample were observed for 5 minutes under a mercury lamp.

Transmission electron micrographs of AgNPs were taken using a Tecnai G2 20 TWIN transmission electron
microscope (Hillsboro) with a copper mesh as support. Rheological measurements were performed using a Kinexus
pro+ rheometer (Malvern, UK) equipped with a temperature controller and parallel stainless steel plates (20 mm
diameter, 0.5 mm spacing). After shaking, the gel was placed in the shear gap of the rheometer and incubated at
15°C. It was then subjected to a frequency sweep or stress sweep for testing.

Fourier transform infrared spectroscopy (FTIR) was applied in the wavelength range between 4000 and 400 cm ' to
determine the functional groups in the synthesized AgNPs. The AgNPs were dried, ground with KBr pellets, and
analyzed. X-ray powder diffraction (XRD) was performed by immersing a glass plate containing a thin film of the
AgNPs in a solution.

The structure of the synthesized AgNPs was determined by X-ray photoelectron spectroscopy (XPS). The AgNPs
were compacted and then vacuumed for testing.

Conversion of Ag+ lons

The synthesized AgNP suspensions were centrifuged at 8000 rpm for 30 min, and the residual Ag" was separated from
the generated AgNPs. The concentration of Ag" in the supernatant represented the residual or unconverted concentration
of Ag" was determined using ICP. The converted Ag+ was calculated using total Ag" to subtract the unconverted Ag".
The conversion rate of Ag" was determined by dividing original Ag+ with unconverted Ag".

Antioxidant Activity of AgNPs

The antioxidant activity of the synthesized nanoparticles was determined by scavenging free radicals from DPPH.**** The
DPPH (0.015 pg/mL) solution was prepared by dissolving in anhydrous ethanol, and then mixed with AgNPs solutions to
achieve final concentrations of 0.01, 0.25, 0.5, 0.75, and 1.0 mg/mL, which were then mixed and reacted at 30°C for 30
minutes. The absorbance of each test tube was determined using an ultraviolet-visible spectrometer at 517 nm. Butylated
hydroxytoluene (BHT) was used as a positive control and the sample containing only DPPH was used as blank. The DPPH
radical scavenging activity was calculated using the following equation. DPPH scavenging effect (%) = [(4q - 41)/Ao] * 100

where A is the absorbance of the control and 4, is the absorbance of the sample.
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Antibacterial Activity of AgNPs

The antibacterial activity of AgNPs was determined by measuring their inhibition effect against human pathogenic
microorganisms E. coli and Salmonella. The MIC was determined by gradient dilution in 96-well plates. AgNPs were
mixed with bacterial fluids at different ratios. After adding normal saline to the cultured cells for 24 hours, a certain
amount of the liquid was taken from the mixture and evenly applied to the AGAR plate containing the nutrient broth.
After cultivation at 37°C for 24 hours, the withdrawal on the plate was counted, which was used to generate the intuitive
curve of bacterial inhibition rate. All experiments were performed under aseptic conditions.

Anticancer Activity of AgNPs
Hela, HepG2, and MDA-MB-231 cells were seeded in 96-well plates with 5000 cells per well and incubated for 48
hours. After that, aliquots of 10 uL of MTT solution (5 mg/mL) were added and incubated at 37°C for another 4 hours.
Then the medium was aspirated, and the wells were washed with PBS. Meanwhile, aliquots of 150 uL. DMSO were
added to each well. The dye was dissolved by placing it on a shaker until the complete dissolution of formazan crystals.
A microplate reader was used to determine the absorbance spectrophotometrically at 490 nm. The inhibition value was
calculated using the following formula.

Inhibition (%) = (OD vyayue of control well at 490 nm — OD value of sample well at 490 nm)/(OD vatue of control well at 490 nm — OD

value of blank well at 490 nm)

Results and Discussion

Determination of Optimum Production Conditions of AgNPs

Figure 1A and B show the influence of the concentration of LLJ extract on AgNP synthesis. As shown, Ag" concentra-
tion was 35.65% and 41.67% at the LLJ concentrations of 8 and 10 mg/mL, indicating poor conversion of Ag" into
nanoparticles. Further increase of the concentration of LLJ to 15 mg/mL significantly increased UV absorption value and
resulted in a higher Ag" conversion rate of 56.37%. The highest silver ion conversion rate value of 68.34% was observed
at the concentration of 20 mg/mL, where the absorption peak was narrower and more stable Therefore, 20 mg/mL was
selected for the production of AgNPs.

Figure 1C and D show the effect of temperature on AgNPs synthesis (40, 50, 60, and 70°C). At 40 and 50°C, the
absorption peak was relatively broad, and the conversion rates were low (50.12% and 56.13%), which indicated that
these two temperatures were not suitable for AgNPs synthesis. At the highest temperature of 70°C, the conversion rate of
silver ions increased to 71.7%. However, the peak was broad, indicating a negative influence on the formation of
nanoparticles. By contrast, the absorption peak at 60°C was narrow and stable, indicating the production of more
homogeneous nanoparticles. Moreover, the silver ion conversion rate was also high with a value of 70.8%.

Figure 1E and F show the influence of pH on the formation of AgNPs. At alkaline conditions, unstable nanoparticles
were formed as the absorption spectra were broad although the conversion rate of silver ions was high. Similarly, relative
broad adsorption spectra were observed at pH 6.0 although almost all silver ions were converted into nanoparticles.
Further decrease of pH to 4 reduced the conversion rate of silver ions to 71.67%. However, the produced AgNPs had
sharp and narrow ultraviolet absorption peaks, demonstrating the formation of stable nanoparticles. Therefore, pH 4.0
was selected for the production of AgNPs in the following research.

Characterization of Produced AgNPs
Figure 2 shows the morphology and size of the synthesized AgNPs with LLJ extracts. As shown in the SEM image
(Figure 2A), AgNPs were present as dotted circular particles with sizes between 20 to 50 nm. Further observation using
TEM showed that AgNPs had a spherical structure and a similar biological membrane (Figure 2B). In addition, the
particle size of AgNPs, in this case, was found to be between 50-200 nm.

FTIR was used to identify the bonds and functional bonds between LLJ extracts and Ag', which is critical to
understanding their involvement in the reduction process. As summarized in Figure 2C, four major peaks were obtained
for AgNPs. The peaks at 3410 are attributed to the stretching vibration of v (O-H) and the in-plane bending vibration of §
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Figure | (A) UV-Vis spectra of AgNPs synthesized by LLJ at different Ag" concentrations; (B) Silver ion conversion rate of AgNPs synthesized by LLJ at different Ag"
concentrations; (C) UV-Vis spectra of AgNPs synthesized by LL] at different pH; (D) Silver ion conversion rate of AgNPs synthesized by LL] at different pH; (E) UV-Vis
spectra of AgNPs synthesized by LL] at different temperatures; (F) Ag conversion rate of AgNPs synthesized by LL] at different temperatures.

Abbreviations: UV-Vis spectra, UV-Vis spectrophotometer; LLJ, leaves of L. japonica; AgNPs, AgNPs, silver nanoparticles.
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Figure 2 (A) SEM image of AgNPs synthesized by LLJ; (B) TEM image of AgNPs synthesized by LLJ; (C) FTIR image of AgNPs synthesized by LLJ; (D) XRD pattern of AgNPs
synthesized by LLJ; (E) XPS pattern of AgNPs synthesized by LL]J.

Abbreviations: SEM, scanning electron microscopy; AgNPs, silver nanoparticles; LLJ, leaves of L. japonica; TEM, transmission electron microscopy; FTIR, Fourier transform
infrared spectroscopy; XRD, x-ray powder diffraction; XPS, x-ray photoelectron spectroscopy.

(O-H). The absorption at 1610 cm ' can be attributed to the stretching vibration of » (=C-H) and v (C=C).” The peak at
1610 cm™" could also be related to the water molecule adsorbed on the surface. In addition, the peak at 1090 cm™' could

be attributed to the skeletal C-O and C-C vibrational bands of the glycosides.*® All those peaks indicated the presence of
residual flavonoids from LLJ extract on the surface of the obtained AgNPs.
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Figure 2D shows the XRD results of the synthesized AgNPs. The narrow peaks indicate the crystalline properties of
the nanoparticles. Four intense peaks corresponding to the 20 values of 38.14°, 44.33°, 64.47°, and 77.42° were detected,
which represent the face-centered cubic (fcc) lattice of silver with Miller indices of (111), (200), (220), and (311),
respectively. From the peak intensity ratio of (111) compared to other diffraction peaks, it can be concluded that the (111)
plane was the predominant orientation in the silver crystal structure of the biosynthesized AgNPs.

Figure 2E shows the XPS full spectrum of the synthesized AgNPs. The main elements in the AgNPs were C, O, and
Ag, which further demonstrated the presence of LLJ on the surface of the silver nanoparticles.

Antioxidant Activity

The radical scavenging activity of AgNPs was determined by the 2.2-Diphenyl-1-pyridine hydrazide (DPPH) method. As
shown in Figure 3, the radical scavenging activity of AgNPs increased steadily from 39.12% to 92.36%, with increasing
LLJ concentration from 0.25 to Img/mL. At high LLJ concentrations, the radical scavenging activity of LLJ-AgNPs was
similar to that of BHT (positive control). LLJ was reported to possess the ability to reduce DPPH" and ABTS".”* The
present results further proved that the antioxidant capacity of LLJ extracts can be enhanced in the form of LLJ-AgNPs.

Antibacterial Activity
The inhibition of AgNPs on the growth of bacteria was also investigated in this research. As shown, the minimum
inhibitory concentrations (MIC) of AgNPs on Escherichia coli (E. coli) and Salmonella were 10® and 107> g/L,
respectively, indicating that the synthetic LLJ-AgNPs had a sufficient inhibitory effect on both bacteria (Figure 4).
From the curves of inhibition rate of E. coli and Salmonella (Figure 5), it was found that the inhibition rate increased
with the increasing concentration of the sample. Furthermore, LLJ-AgNPs exhibited a better antibacterial effect
compared to LLJ and tetracycline. Further observation using a bacterial electron microscope indicated that the AgNPs
could partially damage the structure and morphology of bacteria, which prevented the growth and multiplication of
bacteria (Figure 6). LLJ has been reported for its ideal and potent antibacterial activity on E. coli, Staphylococcus aureus,
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Figure 3 Comparison of free radical DPPH clearance rate between AgNPs, LLJ, and BHT.
Abbreviations: DPPH, 1,1-diphenyl-2-picrylhydrazyl; AgNPs, silver nanoparticles; LLJ, leaves of L. japonica; BHT, butyl hydroxy toluene.
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Figure 4 Amount of viable bacteria of culture medium. (A) E. coli; (B) E. coli treated with 0.1 mg/mL LLJ; (C) E. coli treated with 0.1 mg/mL AgNPs; (D) E. coli treated with

0.1 mg/mL tetracycline; (E) Salmonella; (F) Salmonella treated with 0.1 mg/mL LLJ; (G) Salmonella treated with 0.1 mg/mL AgNPs; (H) Salmonella treated with 0.1 mg/mL
tetracycline.

Abbreviations: E. coli, Escherichia coli; LL), leaves of L. japonica; AgNPs, silver nanoparticles.
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Figure 5 The inhibition rate curves of different samples to bacteria. (A). E. coli; (B). Salmonella.
Abbreviation: E. coli, Escherichia coli.

Bacillus subtilis, Salmonella typhimurium, Penicillium notatum, Aspergillus niger, Aspergillus flavus, and Saccharomyces
cerevisiae.>*® The LIJJ-mediated AgNPs could also provide an economical and better alternative for its inhibitory
potential against food-borne bacteria.

Anticancer Activity

The anticancer activity of LLJ-AgNPs was determined against several cancer lines, including cervical cancer (Hela), liver
cancer (HepG2), and breast cancer (MDA-MB-231) using the MTT assay at different concentrations (Figure 7A—C). As
expected, the synthetic LLJ-AgNPs showed better biocompatibility than LLJ in all cell lines. For Hale, the LLJ-AgNPs
showed better activity even at low concentrations, and the activity further increased with increasing concentration. LLJ
alone did not significantly inhibit the proliferation of HepG2 cells. However, the inhibitory effect became more evident
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Figure 6 SEM images of bacterial morphology. (A) E. coli; (B) E. coli with LLJ; (C) E. coli with AgNPs; (D) E. coli with tetracycline; (E) Salmonella; (F) Salmonella with LLJ; (G)
Salmonella with AgNPs; (H) Salmonella with tetracycline.
Abbreviations: E. coli, Escherichia coli; LL), leaves of L. japonica; AgNPs, silver nanoparticles.
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Figure 7 The inhibition rate curves of AgNPs to different cancer cell lines. (A) Hela; (B) HepG2; (C) MDA-MB-231.
Abbreviations: AgNPs, silver nanoparticles; Hela, human cervical cancer cell line; HepG2, human hepatoma cancer cell line; MDA-MB-231, breast adenocarcinoma cell line.

after it was used in the form of LLJ-AgNPs, indicating that nanoparticles improved the anticancer activity of LLJ against
HepG2 cells. A similar phenomenon has been observed for the inhibitory effect of LLJ-AgNPs on MDA-MB-231 cells.

Previously, components in Lonicera japonica showed strong anti-cancer activities. The anticancer activities were
performed through the induction of apoptosis and against H202-induced injury in cells (p < 0.001).?°*" These results
indicated that the components in LLJ could be served as functional food for anti-cancer activity. The nanonization of
LLJ, as proved in the present study, thus further enhances the anticancer activity, and it provides better chances for
clinical trials.

Conclusion

Developing a biosynthetic method of AgNPs with high efficiency, environment friendly, and lower cost is essential in
current nanotechnology research and application. The present study demonstrated that the extract of L. japonica leaves
could be used to produce AgNPs with improved functionalities. The optimum produce conditions are found to be at LLJ
concentration of 20 mg/mL, 60°C, and pH 4.0. The produced AgNPs have a spherical structure and homogeneous size
distribution of moderate size. Moreover, the biosynthesized AgNPs exhibited a significant inhibition effect against the
growth of E. coli and Salmonella. They also showed remarkable inhibitory activity against three cancer cell types
HepG2, MDA-MB-231, and Hela. All those results indicated that it is feasible to produce functional silver nanoparticles
through the reducing effect of LLJ extract. The produced AgNPs have a stable structure that can be potentially used as
nanocarriers for future applications.
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