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Introduction: This study aimed to characterize silver nanoparticles-kaempferol (AgNP-K) and its antibacterial activities against 
methicillin-resistant Staphylococcus aureus (MRSA). Green synthesis method was used to synthesize AgNP-K under the influence of 
temperature and different ratios of silver nitrate (AgNO3 and kaempferol).
Methods: AgNP-K 1:1 was synthesized with 1 mM kaempferol, whereas AgNP-K 1:2 with 2 mM kaempferol. The characterization of 
AgNP-K 1:1 and AgNP-K 1:2 was performed using UV–visible spectroscopy (UV–Vis), Zetasizer, transmission electron microscopy 
(TEM), scanning electron microscopy-dispersive X-ray spectrometer (SEM-EDX), X-ray diffraction (XRD), and Fourier transform infrared 
(FTIR) spectroscopy. The antibacterial activities of five samples (AgNP-K 1:1, AgNP-K 1:2, commercial AgNPs, kaempferol, and 
vancomycin) at different concentrations (1.25, 2.5, 5, and 10 mg/mL) against MRSA were determined via disc diffusion assay (DDA), 
minimum inhibitory concentration (MIC), minimum bactericidal concentration (MBC) assay, and time-kill assay.
Results: The presence of a dark brown colour in the solution indicated the formation of AgNP-K. The UV–visible absorption 
spectrum of the synthesized AgNP-K exhibited a broad peak at 447 nm. TEM, Zetasizer, and SEM-EDX results showed that the 
morphology and size of AgNP-K were nearly spherical in shape with 16.963 ± 6.0465 nm in size. XRD analysis confirmed that AgNP- 
K had a crystalline phase structure, while FTIR showed the absence of (-OH) group, indicating that kaempferol was successfully 
incorporated with silver. In DDA analysis, AgNP-K showed the largest inhibition zone (16.67 ± 1.19 mm) against MRSA as compared 
to kaempferol and commercial AgNPs. The MIC and MBC values for AgNP-K against MRSA were 1.25 and 2.50 mg/mL, 
respectively. The time-kill assay results showed that AgNP-K displayed bacteriostatic activity against MRSA. AgNP-K exhibited 
better antibacterial activity against MRSA when compared to commercial AgNPs or kaempferol alone.
Keywords: nanoparticles, silver nanoparticles, green synthesis, kaempferol, methicillin-resistant Staphylococcus aureus

Introduction
Methicillin-resistant Staphylococcus aureus, also known as MRSA, is a Gram-positive bacterium belonging to the family 
of Staphylococcaceae. MRSA is nowadays a worldwide public health threat due to the resistance to current antibiotics 
such as linezolid, quinupristin/dalfopristin, daptomycin, and telavancin.1,2 MRSA is a subspecies strain of S. aureus, 
categorized under superbugs which developed resistance towards β-lactam antibiotics such as methicillin, oxacillin, and 
cephalosporins.3,4 MRSA tends to develop in waves of infection, which are typically identified by the repeated 
emergence of dominant strains.1 This, in turn, results in limited choices of treatment for MRSA infections. Poor infection 
control procedures, along with continuous unselective antibiotic contact between humans and animals, have caused 
massive problems in MRSA acquisition and transmission. According to the Centers for Disease Control and Prevention 
(CDC), MRSA infections often cause skin infections and the worst infections may occur, such as pneumonia (lung 
infections) and sepsis. Thus, new antibiotic-based nanotechnologies are required to prevent MRSA infections.
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Nanotechnology has been widely studied in the past decades, offering boundless potential in a wide variety of applications, 
such as chemistry, physics, biology, engineering, and health sciences.5 This has triggered high interest among researchers in 
this field. Gold, silver, and metal are among the most popular nanoparticles (NPs) that have been studied. AgNPs synthesis has 
gained popularity among researchers, and numerous investigations have been conducted using diverse chemical, physical, and 
biological (green) approaches.6 The most common methods for synthesizing AgNPs are chemical and green techniques. The 
chemical synthesis method uses several chemicals to produce AgNPs. However, green synthesis is a direct method that uses 
plants to produce AgNPs; thus, green synthesis is more feasible than chemical synthesis. Common chemicals used to 
synthesize AgNPs are sodium borohydride, hydrazine, and ethylene glycol.5 The green synthesis technique is the most 
popular method for synthesizing nanoparticles. This technique uses plant-based reagents as reducing and capping agents 
because of the bioactive compounds found in plants such as phenolic compounds.5,7,8 The effectiveness of AgNPs can be 
proven by using water (H2O) as a solvent; therefore, there will be no other chemical present that influences the results. 
Previous studies have reported that AgNPs synthesized using plant extracts such as Aegle marmelos, red seaweed Spyridia 
filamentosa, Mangifera indica, vegetable waste, and Cocos nucifera exhibited significant antibacterial activity against 
Staphylococcus aureus, Escherichia coli, and other bacteria.9–13 Kaempferol, a flavonoid derived from plant sources, is 
a bioactive compound that reduces silver ions (Ag+) to silver (Ag0). Kaempferol possesses antibacterial activity but is limited 
by the characteristics of kaempferol.6 Kaempferol consists of aromatic hydrocarbons that are mainly nonpolar. Nonpolar 
compounds have a weak attractive force between the particles, which makes them harder to dissolve in water; thus, 
a homogenous solution cannot be achieved. This was strongly proven by the chemical structure of kaempferol-containing 
diphenylpropane, which is responsible for its low water solubility properties or hydrophobicity.6 A previous study reported 
that kaempferol, incorporated with AgNPs synthesized using polyvinyl pyrrolidone (PVP) solution and ethanol as their 
dissolving solvents, exhibited antibacterial activity against S. aureus and E. coli.5 To date, there is no AgNP-K that has been 
synthesized via the green synthesis method with observation of its antibacterial activity against MRSA. This study used only 
ultrapure water with the assistance of heat and time. Hence, this study aimed to evaluate the antibacterial activity of green 
synthesized AgNP-K against methicillin-resistant Staphylococcus aureus (MRSA).

Materials and Methods
Green Synthesis of Silver Nanoparticles-Kaempferol (AgNP-K)
In this study, the green synthesis method was applied with some modifications from a previous study with the usage of 
different concentrations of kaempferol (Indofine, US) (1.0 mMol and 2.0 mMol) in 1 Litre of ultrapure water (H2O).5,14 

Briefly, 1.0 mMol of kaempferol was added drop by drop into continuously stirred silver nitrate (AgNO3) (1.0 mMol). The 
mixture was heated in an oven at 60 °C for 168 h. Colour changes from clear to brown were observed. The sample was then 
freeze-dried (Martin Christ Alpha 1–2 LDplus) to obtain AgNP-K powder. The same procedure was repeated with 2.0 mMol 
of kaempferol. AgNP-K (1.0 mMol of kaempferol) was labelled as AgNP-K (1:1), while AgNP-K (2.0 mMol of kaempferol) 
was labelled as AgNP-K (1:2).

Characterization of AgNP-K
The formation of AgNP-K during the reduction of (Ag+ - Ag0) was monitored using UV–visible spectroscopy (UV-Vis). 
UV–Vis was used to observe the formation of AgNP-K during the synthesis process every 24 h. This was measured from 
the absorbance peak of AgNP-K in the wavelength range 300–900 nm using Spectramax ID3. Approximately 150 μL of 
AgNP-K was aliquoted into 96 well plates. The absorbance parameter was set from 300 to 900 nm. The absorbance peak 
for silver nanoparticles is usually in the range–390-530 nm.5,14

The samples were diluted with ultrapure water (H2O) to measure the average size, zeta potential, and polydispersity 
index (PDI) using a Zetasizer analyser (Malvern Zetasizer Nano ZS; Nano-ZS90, Malvern, UK). The samples were 
diluted, and tested until the smallest size of AgNP-K was obtained. Parameters such as the refractive index of water 
(1.330), viscosity (0.8872 cP), and temperature (25 °C) were set before the analysis.

Meanwhile, a transmission electron microscope (TEM) was used to determine the shapes, sizes, and morphologies of the 
NPs through the cross-section of each NPs. The sample was diluted with distilled water and dropped onto a copper grid.
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The surface morphology of the NPs was measured by scanning electron microscopy (SEM; Quanta Feg 650 attached 
to an X-Max 50 energy dispersive X-ray spectrophotometre) (EDX; Oxford Instrument, Abingdon, UK) by placing the 
sample on the holder and then loading the sample onto the chamber. The images shown were adjusted by increasing the 
magnification to obtain clearer images of the areas of interest. This analysis also showed the composition percentages of 
silver contained in AgNP-K from the EDX analysis.

AgNP-K was placed on a glass sample plate holder by flattening and compressing with an X-ray diffraction (XRD) 
machine (Rigaku Miniflex 600). The holder was mounted onto standard sample stages in the sample chamber. The X-ray 
wave was beamed, and the scattered intensity was measured using instruments. XRD was used to measure the crystal-
linity and phases to a certain angular degree. XRD is also used to detect the presence of silver in the compound by 
referring to the silver database for XRD analysis. This indirectly proves the successful synthesis of AgNP-K by 
comparison with the standard silver database from the Joint Committee on Powder Diffraction Standard (JCPDS).

Fourier transforms infrared (FTIR) analysis was conducted using Thermo Scientific™ Nicolet™ iS50 FTIR 
Spectrometer to observe the presence of a functional group in the NPs, such as a hydroxyl group (OH). AgNP-K was 
placed on a diamond crystal and touched with an ATR touch-point probe.

Antibacterial Activities of AgNP-K Against MRSA
Disc Diffusion Assay (DDA)
The disc diffusion method, also known as the Kirby-Bauer disc diffusion method, was used to determine inhibition zones 
of AgNP-K against MRSA.15,16 MRSA (ATCC number: 33,591) was cultured in brain heart infusion (BHI) broth and 
incubated overnight at 37 °C. Approximately 0.5 McFarland turbidity standard for MRSA bacteria was used for this 
analysis. A sterilized cotton swab was used to spread the diluted MRSA (0.5 McFarland) on BHI agar before the 
application of 5×6 mm paper discs (Whatman No. 1) impregnated with 10 μL of samples (AgNP-K 1:1, AgNP-K 1:2, 
commercial AgNPs, and kaempferol) at concentrations between 10 mg/mL and 1.25 mg/mL. Sterilized water was used as 
a negative control and vancomycin (30 U) was used as a positive control.17 The zones of inhibition were determined from 
the diameter of the inhibition zone around the disk after incubating the agar plates at 37 °C for 24 h.

Minimum Inhibitory Concentration and Minimum Bactericidal Concentration (MIC and MBC)
Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) were determined using the two- 
fold serial dilution method described in a previous study.18 MIC was done in a sterile 96-well plate. Diluted 0.5 McFarland 
test bacteria (100 μL) were added to each well of a plate containing diluted samples (AgNP-K 1:1, AgNP-K 1:2, 
commercial AgNPs, and kaempferol) in sterile BHI broth to a final volume of 100 μL/well. Ultrapure water was used as 
the negative control and vancomycin 10 mg/mL was used as the positive control. The plates were then incubated at 37 °C 
for 24 h. An aliquot of 10 μL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) was added and the 
colour changed to purple. The result was observed visually, and wells that turned purple indicate bacterial growth.19 The 
MIC was determined as the lowest concentration that obstructed visible bacterial growth.

The minimum bactericidal concentration (MBC) was used to determine the lowest concentration that killed MRSA. 
A total of 10 μL aliquoted from wells that displayed no bacterial growth in MIC wells were cultured on BHI agar and 
incubated overnight at 37 °C. The MBC values were defined as the lowest concentrations that prevented bacterial growth.

Time-Kill Assay
Time-kill assays of AgNP-K 1:1, AgNP-K 1:2, commercial AgNPs, and kaempferol were performed by referring to the 
method described in previous studies with modifications.7,8,20 MRSA bacteria were grown in BHI broth at 37 °C for 24 
h. The turbidity of the bacterial culture was adjusted to 0.5 McFarland standard (~1.5×108 CFU/mL) in sterile fresh BHI 
broth. AgNP-K samples with concentrations corresponding to the MIC and MBC values were prepared. An aliquot of 
100 µL fresh sterile BHI broth was added to a 96-well plate. Next, 100 µL of treatment was added using the serial 
dilution technique. After that, MRSA bacteria with the amount of 100 µL was added into the well. Next, 10 µL of the 
treated sample from the plate was aliquoted and added to 2nd 96 well plate filled with 90 µL of sterile BHI broth to 
perform 101,102, 103, and 104 dilutions. The dilution factors were determined by streaking on BHI agar [4-hour intervals 
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(0, 4, 8, 12, 16, 20, and 24 h)]. The agar was then incubated at 37 °C for 24 h. The colonies on each plate were counted 
and expressed as colony-forming units/mL (CFU/mL).8

The killing rate of MRSA was determined by the logarithmic number of CFU/mL (log10 CFU/mL) of bacterial growth 
versus time.21 From the observation, the characteristics of the AgNP-K towards MRSA could be determined whether it 
was bacteriostatic or bactericidal.

Statistical Analysis
Statistical analyses were performed using the Statistical Package for Social Science (SPSS), and significance was 
accepted at p <0.05. Data presented were analyzed using ANOVA; values are given as mean ± SD, and means were 
separated using Tukey’s HSD post hoc analysis.

Results
Biosynthesis of Silver Nanoparticles-Kaempferol (AgNP-K)
In this study, the green synthesis method was applied using different concentrations of kaempferol (1.0 mMol and 2.0 
mMol) at 60 °C of heat applied for 168 h. A dark brown solution was observed after 168 h, indicating AgNP-K 
formation.

Characterization of AgNP-K
UV–Visible Spectrophotometer Analysis
Based on Figure 1(A) and 1(B) the UV–vis measurements were performed every 24 h until 168 h and incubated at 60 °C. 
The peak observed ranged from 400 to 500 nm confirming the reduction of silver ions (Ag+) to silver (Ag0) with the 
sharpest and most intense peak observed at 168th hours of incubation time.

Particle Size and Zeta Potential Measurement
Table 1 summarises the results of the Zetasizer analysis. AgNP-K 1:1 showed an average size distribution of 120.4 nm, 
while AgNP-K 1:2 was 226.5 nm the polydispersity index (PDI) for AgNP-K 1:1 was 0.462 and AgNP-K 1:2 was 0.315. 
AgNP-K 1:1 showed a value of −34.1 mV and −33.9 mV for AgNP-K 1:2 for the zeta potential measured.

Transmission Electron Microscope (TEM)
TEM analysis was conducted to observe the surface morphology and size of each AgNP-K by measuring the 
diameter from the cross-section. From Figure 1(C) and 1(D), it was determined that both the synthesized AgNP-K 
was nearly spherical. The average diameter size of AgNP-K 1:1 was 16.963 ± 6.0465 nm and AgNP-K 1:2 was 
17.083 ± 4.2772 nm. From the TEM images, the particle size distribution was plotted in a histogram as shown in 
Figure 1(E) and 1(F).

Scanning Electron Microscopy-Energy Dispersive X-RAY Analysis (SEM-EDX)
Scanning electron microscopy–energy dispersive X-ray spectroscopy (SEM-EDX) was used to determine the surface 
morphology and elemental composition of the synthesized AgNP-K. Based on SEM images in Figure 1(G) and 1(I), both 
AgNP-K 1:1 and AgNP-K 1:2 had a nearly spherical shape. The EDX spectra graph in Figure 1(H) and 1(J) shows the 
composition of the AgNP-K. The main components of the measurements were silver and Ag. The results showed that 
AgNP-K 1:1 had a higher Ag composition, with averages of 61.17% and 35.28% for AgNP-K 1:2, respectively. Whereas 
C and O peaks were hypothesized to come from the hydrocarbon structure of kaempferol. The unlabeled peaks are 
unknown, undetected peaks.22

X-Ray Diffraction Analysis
Figure 2(A) and 2(B) showed the XRD pattern of synthesized AgNP-K. The main peaks for AgNP-K 1:1 clearly 
appeared at (2θ) 38.19 (111), 44.39 (200), 64.59 (220), 77.58 (311), and 81.74 (222) planes, indicating the face-centred 
cubic structures of AgNP-K 1:1.5,22 Meanwhile, AgNP-K 1:2 showed (2θ) 40.16 (111), 44.40 (200), 64.60 (220), 77.59 
(311) and 81.75 (222). The peak was compared with the silver database from the Joint Committee on Powder Diffraction 
Standard (JCPDS) card no. 9012431 or International Centre for Diffraction Data (ICDD).22 These results showed that 
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Figure 1 Characterization result from UV-Vis, TEM, and SEM-EDX analysis. (A) and (B) UV-Vis spectra for AgNP-K 1:1 and AgNP-K 1:2. (C) and (D) TEM images of 
AgNP-K 1:1 and AgNP-K 1:2. (E) and (F) cross-sectional size and diameter measurements of AgNP-K 1:1 and AgNP-K 1:2 presented in histogram graphs. (G) and (H) 
SEM-EDX images of AgNP-K 1:1. (I) and (J) SEM-EDX images of AgNP-K 1:2.
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both AgNP-K (1:1 and 1:2) were pure crystalline and confirmed the presence of silver in the synthesized sample. From 
the XRD analysis, the crystallite size also could be determined from the formula by Scherrer Equation, L=Kλ/β.cosθ 
whereby XRD radiation of wavelength λ (nm) from measuring full width at half maximum of peaks (β) in radian located 
at any 2θ in the pattern.23 The crystallite size for AgNP-K 1:1 was 32.603 nm and AgNP-K 1:2 was 29.5394 nm.

Fourier Transform Infrared Spectrometers (FTIR)
In Figure 2(C), a comparison was made between the blanks (commercial AgNPs and kaempferol) with AgNP-K 1:1 and 1:2. 
The FTIR spectra of AgNP-K 1:1 showed peaks at 1594.69 cm−1, 1289.58 cm−1, and 801.45 cm−1. Meanwhile, AgNP-K 1:2 
showed at 1593.19 cm−1, 1166.68 cm−1. The blank kaempferol exhibited peak at 3145.15 cm−1, 1607.96 cm−1 and 
1170.58 cm−1. The peak at 3145.15 cm−1 for blank kaempferol was represented by -OH or -NH groups. This was attributed 
to the presence of phenolic compounds in kaempferol. Figure 2(D) shows the possible mechanisms of AgNP-K formation.

Antibacterial Activities of AgNP-K Against MRSA
Disc Diffusion Assay (DDA) 
Figure 3 shows the zone of inhibition of AgNP-K against MRSA. Table 2 shows the zones of inhibition of MRSA growth 
after treatment with AgNP-K 1:1 and AgNP-K 1:2. The diameter of inhibition was measured based on the Kirby–Bauer 
test.14–16 The biggest zone inhibition of AgNP-K 1:1 and AgNP-K 1:2 against MRSA was 16.67 ± 1.19 mm and 14.43 ± 
0.80 mm at 10 mg/mL concentration, respectively. AgNP-K showed greater inhibition of MRSA than kaempferol or 
commercial AgNPs. The inhibition zones for both samples (AgNP-K 1:1 and AgNP-K 1:2) showed almost similar zones 
when compared to those of vancomycin. The ANOVA test also showed a significant result (p < 0.05) in the inhibition 
zones of AgNP-K 1:1 and AgNP-K 1:2 when compared with kaempferol and commercial AgNPs.

Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC) 
The MIC and MBC were carried out to determine the lowest concentration of AgNP-K that prevented the growth of 
MRSA and the bacteriostatic or bactericidal characteristics of AgNP-K. Bacteriostatic refers to the lowest concentration 
that inhibits bacterial growth, while bactericidal refers to the lowest concentration that kills the bacteria.24 Table 3 shows 
the MIC and MBC values of AgNP-K, commercial AgNPs and kaempferol. The MIC of AgNP-K 1:1 against MRSA was 
1.25 mg/mL meanwhile the MIC of AgNP-K 1:2 against MRSA was 2.50 mg/mL. The MIC values of both AgNP-K 
were lower than commercial AgNPs (>10.00 mg/mL) and kaempferol (>10.00 mg/mL). Based on Table 3, AgNP-K 1:1 
exhibited the highest antibacterial activity against MRSA compared to other samples. The MBC values of AgNP-K 1:1 
and AgNP-K 1:2 against MRSA were 2.50 mg/mL and 5.00 mg/mL, respectively. Whereas the MBC values for the 
commercial AgNPs and kaempferol were greater than 10 mg/mL (Table 3).

Time-Kill Assay 
Time-kill assay was performed to determine the killing rate by time (every 4 hours for 24 hours) of MRSA growth after 
exposed to AgNP-K 1:1 [(1.25 mg/mL) MIC value] and AgNP-K 1:2 [(2.5 mg/mL) MIC value]. Figure 3(D) shows a graph of 
the logarithmic number of CFU/mL (log10 CFU/mL) versus time. In this analysis, the growth of the bacteria treated with 
AgNP-K steadily decreased after 24 h. The growth reduction of MRSA after treatment with AgNP-K 1:1 (1.25 mg/mL) was 
higher than that after treatment with AgNP-K 1:2 (2.50 mg/mL). The growth reduction of MRSA after being treated with 
AgNP-K 1:1 and AgNP-K 1:2 for 24 hours were 1.30 log10 CFU/mL and 0.70 log10 CFU/mL, respectively. From the result, 
there was a significant difference (p<0.05) between MRSA and AgNP-K 1:1 and AgNP-K 1:2.

Table 1 Summarized Particle Size, PDI, and Zeta Potential of Both AgNP-K 1:1 and 
AgNP-K 1:2 Measured by Zetasizer

Sample (Specs) Size PDI Zeta Potential

AgNP-K 1:1 (1 mMol AgNO3:1 mMol K 168h 1 L) 120.4 0.462 −34.1

AgNP-K 1:2 (1 mMol AgNO3:2 mMol K 168h 1 L) 226.5 0.315 −33.9
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Figure 2 (A) XRD spectra for AgNP-K 1:1 and (B) for AgNP-K 1:2. (C): FTIR spectra (AgNP-K 1:1, AgNP-K 1:2, kaempferol and commercial AgNPs). Kaempferol showed 
a broad peak at around 3500 cm-1 to 3000 cm-1, which is attributed to the hydroxyl (-OH) functional group (H-bond stretching). Another peak at 1386 cm-1 can also be 
observed, which is attributed to C-H stretching vibration and C–H bending vibration respectively. (D): Possible mechanism of AgNP-K formation based on FTIR results 
shown in (C): (software: Chemdraw).
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Discussion
Upon the addition of kaempferol to AgNO3 solution, the sample solution slowly turned brown, indicating the formation of 
AgNPs due to the reduction of Ag+ to Ag0.8,22 An aforementioned study correspondingly described similar findings where the 
establishment of dark red solution from bright yellow indicated silver nanoparticles formed.25 The green synthesis of AgNPs 
needs the following requirements: (i) types of solvents used for synthesis, (ii) types of reducing and capping agents, and (iii) non- 
toxic material used for stabilizing the NPs.26 On this point, kaempferol as a bioactive compound acted as a reducing and capping 
agent. The synthesis of AgNPs using AgNO3 as the precursor and water as the dissolving solvent offers high chemical stability 
and is cost-effective.27 The mechanism of the chemical reaction for the establishment of AgNPs can result from flavonoids and 
phenolic compounds (reducing and capping agents). These compounds act as electron or hydrogen donors.28 The ketoform on the 
backbone of a flavonoid compound reduces from Ag+ to Ag0.29 According to previous studies, the optimum temperature to 
synthesize AgNPs was 60 °C.22 The application of heat (60 °C) helped in the complete reaction of kaempferol with silver.

UV–vis spectroscopy is a crucial method because it was the first checklist to observe the formation of AgNP-K over time. 
UV–vis spectroscopy was used to observe the surface plasmon resonance (SPR) of the optical properties and electronic 

Figure 3 (A) Inhibition zone of AgNP-K 1:1 against MRSA (blue circles). (B): Inhibition zone of AgNP-K 1:2 against MRSA (blue circles). (C): Inhibition zone of vancomycin 
(black circle), commercial AgNPs, kaempferol, and sterilized water against MRSA. (D): Graph of log10 CFU/mL versus time (measured every 4 hours for 24 hours) for time- 
kill assay of AgNP-K 1:1 (1.25 mg/mL) and AgNP-K 1:2 (2.50 mg/mL) against MRSA. Values are expressed as mean ± SD with an asterisk (*) shown statistically significant 
(p<0.05) from control.

https://doi.org/10.2147/IJN.S431499                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2024:19 1346

Hairil Anuar et al                                                                                                                                                    Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


structure of the AgNP-K.22 On the surface of the NPs, the electron cloud of the NPs oscillates and electromagnetic waves are 
absorbed at a particular frequency in the range of 350–500 nm of wavelength.30 AgNP-K 1:1 showed an absorbance peak at 
0.47 optical density (OD) of 168 hours meanwhile AgNP-K 1:2 showed 0.70 OD. AgNP-K 1:2 exhibited a higher peak due to 
the higher concentration (2 mMol) of kaempferol used, leading to a more concentrated sample.

Based on the Zetasizer results, AgNP-K 1:2 shows a larger particle size of 226.5 nm when compared to AgNP-K 1:1 (120.4 
nm). These results confirm the Mie-type scattering theory states that the peak location measured from UV–visible light indicates 
the size of the formed AgNPs.5 The theory indicates that a higher concentration of kaempferol results in a larger size of AgNP-K. 
PDI values for both synthesized AgNP-K 1:1 and AgNP-K 1:2 were in monodisperse phase, referring to the value of PDIs ranging 
from 0 to 1, whereby 0 was monodisperse and 1 polydisperse. This result corresponds to Mat Yusuf et al study which recorded 
a PDI value of 0.206 for their synthesized AgNPs using Clinacanthus nutans.22 Zeta potential value represents net charges around 
the NPs, but not the definite surface charges.5 The zeta potential values for AgNP-K 1:1 and 1:2 were −34.1 and −33.9, 
respectively, attributed to charges from phenolic compounds in the bioactive substance. The higher negative values result in 
a strong repulsive force among particles, preventing their aggregation.31,32 Negative charges of AgNP-K will promote the 
attachment of AgNP-K on the MRSA cell surface by shifting their electrical charges.33,34 This, in turn, exhibits AgNP-K 
properties as an antibacterial agent against MRSA.

The TEM results (Figure 1) showed a different value which was much smaller than the values shown by the Zetasizer. This 
was due to the previous report stating that the presence of any media during analysis led to the different measurements 
observed on the particle size.35 Furthermore, Zetasizer measured the hydrodynamic radius in the liquid state meanwhile TEM 
gave the actual size in a dry state. In addition, TEM was used to analyze the diameter of the cross-section of the AgNP-K; thus, 
a smaller value was measured. The TEM sizes measured in this study were smaller than those measured by Zetasizer, 
consistent with previous studies by Mat Yusuf et al Deng et al and Mohamad Hanafiah et al 5,8,22 AgNP-K 1:1 was found to be 
smaller than AgNP-K 1:2 which corresponded to the Zetasizer results. Lower concentrations of kaempferol produced fewer 
kaempferol molecules, leading to low Ag+ ion reduction resulting in smaller AgNP-K formed. This finding is consistent with 
a study conducted by Deng et al in 2021, where an increase in kaempferol concentration led to an increase in AgNPs size.5

Table 3 MIC and MBC Values of AgNP-K 1:1, AgNP-K 1:2, Kaempferol, 
Commercial AgNPs, and Vancomycin Against MRSA

Samples MIC (mg/mL) MBC (mg/mL)

AgNP-K 1:1 1.25 2.50
AgNP-K 1:2 2.50 5.00

Kaempferol (10 mg/mL) > 10.00 > 10.00

Commercial AgNPs (10 mg/mL) > 10.00 > 10.00
Vancomycin (10 mg/mL) < 0.08 < 0.08

Table 2 The Values of Zone Inhibition of AgNP-K 1:1, AgNP-K 1:2, Kaempferol, 
Commercial AgNPs, and Vancomycin Against MRSA Measured from DDA Test

Samples Concentration Samples (mg/mL)

Diameter zone (mm)

1.25 mg/mL 2.5 mg/mL 5 mg/mL 10 mg/mL

AgNP-K 1:1 8.00 ± 0.82a 8.22 ± 0.31a,b 12.44 ± 0.68b,c 16.67 ± 1.19c

AgNP-K 1:2 6.00 ± 0.27a 7.56 ± 1.34a,b 12.56 ± 1.93b,c 14.43 ± 0.80c

Kaempferol (10 mg/mL) 6.00 ± 0.00a

Commercial AgNPs (10 mg/mL) 6.00 ± 0.00a

Vancomycin (30 U) 18.00 ± 0.27d

Notes: Values are represented as mean ± SD. Values in the same row followed by different superscript letters differ 
significantly (p < 0.05) from the control.
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SEM-EDX analysis was used to determine the morphology of AgNP-K and its composition, mainly silver (Ag). SEM images 
of AgNP-K [Figure 1(G) and 1(I)] showed minimal aggregation with a nearly spherical shape. The EDX spectra in Figure 1(H) 
and 1(J) show the elemental composition (Ag) contained in the synthesized AgNP-K, whereby AgNP-K 1:1 has a higher Ag 
composition than AgNP-K 1:2. This was due to the binding of biomolecules from kaempferol onto the surface of AgNPs, as well 
as the high concentration of kaempferol applied to AgNP-K 1:2. This resulted in a lower silver (Ag) composition in the AgNP-K 
1:2. This could be due to the higher ratio of kaempferol concentrations used in synthesizing AgNP-K. The higher concentration 
of kaempferol might reduce the silver composition in AgNP-K and increase the carbon composition, owing to the structural 
properties of kaempferol itself. This observation was supported by studies conducted by Mat Yusuf et al and Kannanoor et al 
which showed that a higher concentration of plant extract led to lower silver composition produced.22,36

XRD analysis was conducted to observe the crystallinity of AgNP-K at 2θ angle. The results shown in Figure 2(A) and 2 
(B) clearly show the peak positions for silver when compared to the silver database from the Joint Committee on Powder 
Diffraction Standard (JCPDS) or the International Centre for Diffraction Data (ICDD).22 The peak positions between both 
samples were slightly shifted. This could be attributed to the concentration of kaempferol applied during the synthesis of 
AgNP-K. The results also confirmed that AgNP-K were pure crystalline or amorphous and could be indexed as a face-centred 
cubic structure of silver. Crystallite size measured from the XRD graph showed differences compared to particle size 
measured from TEM and Zetasizer. This difference was assumed, related to experimental error from the Scherrer fitting.37

FTIR analysis was conducted to determine the possible functional groups present in the synthesized AgNP-K. As shown in 
Figure 2(C) the FTIR spectra of kaempferol showed a broad peak at approximately 3500 cm−1 3000 cm−1, which was ascribed 
to the hydroxyl (-OH) functional group (H-bond stretching). Another peak at 1386 cm−1 can also be detected, which is 
ascribed to the C-H stretching and C–H bending vibrations. The remaining two peaks at 1590 cm−1 and 1022 cm−1 also 
observed can be attributed to C=C stretching vibrations in the aromatic ring. In contrast, the (–OH) groups were not detected in 
AgNP-K 1:1 and AgNP-K 1:2. The absence of the (-OH) group in AgNP-K 1:1 and AgNP-K 1:2 indicated that kaempferol 
was successfully incorporated into silver. Based on FTIR analysis, the hydroxyl (-OH) group in phenolic compounds from 
kaempferol was hypothesized to be responsible for the reduction of Ag+ to Ag0 and the stabilization of AgNP-K.22,38 These 
findings were supported by a previous study that stated that phenolic and hydroxyl compounds found in the extracts act as 
reducing and capping agents, thus stabilizing the AgNP-K formed.22,39

From the DDA analysis, the zone inhibition of MRSA treated with AgNP-K was the largest, while kaempferol and 
commercial AgNPs showed no inhibition. This proved the synergistic effect when AgNPs were incorporated with kaempferol. 
AgNPs synthesized with plant extracts exhibited strong antimicrobial activity and the inhibitory capability remained 
dependent on the AgNPs concentration. The antimicrobial susceptibility of Gram-positive and Gram-negative bacteria 
depends on the structural characteristics of the studied species, shape, size of the NPs, and exposure time.40 This could be 
attributed to the smaller size of AgNP-K and the silver composition of the compound itself. The size of AgNPs was also found 
to play a significant role in reducing microbial growth. Smaller NPs facilitated the penetration of NPs into the bacterial 
membrane.8,41–44AgNPs allow other molecules, such as antibiotics, to penetrate the bacteria by increasing the membrane 
permeability of the bacterial cell wall, thus turning an inefficient drug into an efficient substitute treatment possibility.40 This 
leads to the fully maximized capability of AgNP-K.

MIC and MBC analyses demonstrated that AgNP-K 1:1 had a superior inhibitory effect on MRSA compared to 
AgNP-K 1:2. The bacteriostatic and bactericidal activities of a drug can be determined using the MIC and MBC values. 
Bactericidal activity was defined as an MBC value that is less than 4x of the MIC values. Whereas bacteriostatic status 
was defined as an MBC of more than 4x MIC values. Based on Table 3, the MIC value for AgNP-K 1:1 was 1.25 mg/mL, 
while the MBC value was 2.5 mg/mL (2x MIC value). On the other hand, AgNP-K 1:2 MIC value was 2.5 mg/mL, and 
its MBC value was 5.0 mg/mL (2x MIC value).18 From MIC and MBC analyses, both AgNP-K 1:1 and AgNP-K 1:2 
exhibited bactericidal agents against MRSA.

Time-kill assay was performed to determine the killing rate by time (every 4 hours for 24 hours) of MRSA growth after 
exposed to AgNP-K 1:1 [(1.25 mg/mL) MIC value] and AgNP-K 1:2 [(2.5 mg/mL) MIC value]. Bactericidal activity was 
achieved when the treatment reduced more than >3 log10 CFU/mL colony-forming units (CFU) from the initial inoculum by 
>3 log10 CFU/mL. Meanwhile, bacteriostatic activity was achieved when antibacterial agents reduced less than <3 log10 CFU/ 
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mL from the initial inoculum.20 From the time-kill assay, AgNP-K 1:1 and AgNP-K 1:2 acted as bacteriostatic agents towards 
MRSA because both samples were reduced less than log10 CFU/mL of MRSA growth from the initial state (p<0.05).

Conclusion
A successful green synthesis of silver nanoparticles combined with kaempferol (AgNP-K) has been achieved, demonstrating 
substantial antibacterial effectiveness against MRSA. This method offers numerous benefits, including its simplicity, as it only 
requires two reagents (silver nitrate and kaempferol) and does not involve the use of any extra chemicals, making it an 
environmentally friendly approach. In a biological assessment, AgNP-K displayed outstanding antibacterial performance 
against MRSA when compared to both commercially available AgNPs and kaempferol. The synergistic activity exhibited by 
AgNP-K possesses tremendous potential to be developed as an alternative treatment against MRSA.
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