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Abstract
The increasing prevalence of antibiotic resistance has directed scientific inquiry toward the development of substitute 
therapies. Gold nanoparticles (AuNPs) have a variety of biological uses, including antioxidant, antibacterial, anticancer, 
and anti-inflammatory activities. Green synthesis was applied to the production of AuNPs using Cassia alata leaves (CAL) 
extract as a reducing agent. AuNPs were then characterized. The AuNPs were successfully synthesized as confirmed by 
the UV–Vis data with a maximum absorption peak at 534 nm. An average particle size distribution of 63.647 ± 1.334 nm. 
These CAL-AuNPs were dominated by a spherical shape. X-ray diffraction studies indicated that the biosynthesized AuNP 
structures are crystallized. The intensity fluctuations of many peaks from Fourier-transform infrared spectroscopy analysis 
suggested the existence of bioconstituents responsible for capping and stability. Transmission electron microscopy (TEM) 
study revealed a spherical morphology for the AuNPs, agreeing with the findings obtained by dynamic light scattering (DLS). 
Following that, the biological performance of biomolecule-functionalized AuNPs was investigated. This study looked into 
the possible antioxidant, anti-inflammatory, and antibacterial benefits of produced AuNPs. CAL-AuNPs strongly inhibited 
the 1,1-diphenyl-2-picrylhydrazyl (DPPH) radicals with  IC50 of 6.890 µg/mL. A low CAL-AuNPs concentration of 50 µg/
mL highly suppressed protein denaturation (45.22%). CAL-AuNPs possessed antibacterial activity against Staphylococcus 
aureus, Streptococcus pyogenes, and Bacillus subtilis with MIC values in the range of 125 to 250 µg/mL. In conclusion, 
green-synthesized AuNPs using C. alata leaf extract have great potential as antioxidant, anti-inflammatory, and antibacte-
rial agents.
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1 Introduction

Nanotechnology involves the creation of material at 
nanoscale, ranging from 1 to 100 nm [1]. Amongst several 
types of nanomaterials, nanoparticles are attracting attention 
in various fields. Nanoparticle production is cheap and easy 
to perform, and their small size also facilitates drug delivery, 
thus maximizing the effectiveness of the treatment [2]. Sev-
eral metals have reportedly been produced in nanoparticle 
form including gold nanoparticles (AuNPs) [3, 4]. The prop-
erties of AuNPs, such as having precise particle shapes and 
lengths, make AuNPs safer to use as drug delivery agents 
[5]. AuNPs can be synthesized by physical and chemical 
methods. The green synthesis method has recently become 
popular for synthesizing nanoparticles, as it offers several 
advantages, including eco-friendliness, low cost, and less 
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toxicity, due to the utilization of non-toxic materials, such 
as fungi, plants, and bacteria [4–7]. The utilization of plants 
in the green synthesis of AuNPs is related to their second-
ary metabolite compounds, such as polyphenols, flavonoids, 
terpenoids, alkaloids, and amino acids. These compounds 
act as reducing and capping agents in the production of 
AuNPs, contributing to their characteristics and stability in 
green synthesis [8–10]. This research seeks to contribute to 
advancements in this field by focusing on the green synthesis 
of AuNPs using plant extract as a sustainable option.

The green synthesis of AuNPs has been achieved using 
various plant extracts, including Simarouba glauca leaf, 
Targetes erecta L. flowers, Hibiscus sabdariffa L. flowers, 
Ziziphus zizyphus leaf, and Hygrophila spinosa T. Anders 
[11–14]. A previous literature study also presented that 
AuNPs mediated by plants of Garcinia mangostana, Cour-
oupita guianensis, Acanthopanax sessiliflorus, Sporosar-
cina koreensis, and Sargassum swartzi had different physi-
cal properties such as morphology and size, resulting in the 
differences of their biological properties [15]. One of the 
medicinal plants that can be used to synthesize AuNP is 
Cassia alata. This plant is a member of the Fabaceae family 
[16]. C. alata has been reported to have several pharma-
cological activities, including antimicrobial, antioxidant, 
and anti-inflammatory activities [17]. Another study also 
reported that C. alata extract had antibacterial activity 
against Klebsiella pneumoniae, Staphylococcus aureus, 
Proteus mirabilis, and Escherichia coli [18]. These phar-
macological activities are associated with the phytochemi-
cals, such as alkaloids, flavonoids, terpenoids, saponins, and 
tannins [19].

In the case of antibiotic resistance, bacterial infections are 
gradually growing resistant to a wide range of medications. 
Antibiotics are no longer useful for preventing or treating 
infections. To tackle resistant microbes, novel antimicro-
bial drugs with unique mechanisms of action are urgently 
needed. Nanotechnology presents a potential substitute in 
an era marked by growing worries about antibiotic-resist-
ant bacteria, the emergence of infectious diseases, and the 
expanding need for potent antimicrobial treatments [20]. 
AuNPs are excellent prospects for new, long-lasting anti-
bacterial medicines due to their outstanding antibacterial 
qualities against a variety of microorganisms. Besides that, 
AuNPs also exhibited several biological properties such as 
anti-inflammatory, antioxidant, and anti-tyrosinase proper-
ties [21].

Despite the growing interest in the green synthesis of 
AuNPs, there is a lack of research on the use of C. alata 
extract for the synthesis of AuNPs and its potential bio-
logical activities. The aim of this work is to synthesize 
AuNPs using C. alata leaf extract in a cost-effective and 
environmentally benign method. In the subsequent sections, 
experimental procedures for the synthesis will be discussed, 

followed by assessments of their properties and antibacterial, 
antioxidant, and anti-inflammatory potential applications.

2  Materials and methods

2.1  Materials

Hydrogen tetrachlorocuprate (III) trihydrate,  [HAuCl4·3H2O 
(99.9%)], 2,2 diphenyl-1-picrylhydrazyl (DPPH), quercetin, 
bovine serum albumin, sodium diclofenac, and tetracycline 
were purchased from Sigma-Aldrich, UK. Staphylococ-
cus aureus, Streptococcus pyogenes, and Bacillus subtilis 
were provided by the Research Centre for Pharmaceutical 
Ingredients and Traditional Medicine. Brain Heart Infusion 
(BHI) broth and 0.5 McFarland were obtained from Hime-
dia. Dimethyl sulfoxide (DMSO) was purchased from Vivan-
tis. Methanol and ethanol were purchased from J.T. Baker, 
USA. Acetic acid and sodium chloride were purchased from 
Merck, Germany.

2.2  Collection of Cassia alata leaves 
and preparation of ethanolic extract

The fresh C. alata leaves were collected from Indonesia. 
Ethanolic extract of CAL was prepared using maceration 
as described by the previous method [19]. In brief, C. alata 
leaves were dried and ground using a blender to get the pow-
der. The powder was soaked with 70% ethanol at a ratio of 
1:5 (ratio of powder and solvent) and stirred by a shaker at 
110 rpm for 18 h. The extraction process was carried out 
repeatedly until the color of the macerate matched the color 
of the solvent. Afterward, the extract was evaporated using 
a vacuum evaporator at 50 °C, resulting in a thick and con-
centrated extract.

2.3  Chemical compound determination by liquid 
chromatography with tandem mass 
spectrometry (LCMS/MS)

Quadrupole Time of Flight Liquid Chromatography-Mass 
Spectrometry (QTOF LCMS/MS) was used to identify the 
chemical components of the CAL extract. A 1.7 m 2.1 × 100 
mm column with an ACQUITY UPLC BEH C8 is used for 
this measurement. Solvents A and B (0.1% formic acid in 
 H2O and 0.1% formic acid in acetonitrile) were used as a 
binary mobile phase. 0.3 mL/min was the flow rate. Data 
were determined by the UNIFI program.

2.4  Green synthesis of gold nanoparticles (AuNPs)

HAuCl4 was used as the gold precursor, and CAL extract 
was used as the reducing agent. The solution of  HAuCl4 was 
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added (19 mL, 0.1 mM) to an Erlenmeyer flask containing 1 
mL of C. alata leaf extract (10 mg/mL, dissolved in distilled 
water). Microwave irradiation of 900 W was applied to the 
reaction mixture for 30 s per cycle. The C. alata leaves-
gold nanoparticles (CAL-AuNPs) were formed through two 
microwave cycles, as evidenced by the change in color from 
yellowish to purple [22]. After the reaction time, the solution 
was centrifuged for 2 h at 60,000 rpm to obtain the pellets. 
The purified pellets of CAL-AuNPs were dried at 45 °C in 
a vacuum oven.

2.5  Characterization of CAL‑AuNPs

The CAL-AuNPs were identified by a UV–visible spec-
trophotometer (Agilent Technologies G6860A Cary 60 
UV–Vis) at 200–800 nm. Fourier-transform infrared spec-
troscopy (FTIR) was recorded using a Bruker Tensor II 
series spectrometer. FTIR spectra were recorded in the 
range of 4000–500  cm−1 with a resolution of 4  cm−1. X-ray 
diffraction (XRD) analysis was conducted to evaluate the 
crystal structure using the X-ray diffractometer of Malvern 
PANalytical, AERIS model (Panalytical, Malvern, UK). 
The measurements were performed using nickel-filtered Cu 
Kα radiation (λ = 1.5406 Å) generated with a current of 15 
mA and a voltage of 40 kV. XRD patterns were recorded 
from 5 to 80 °C with a scanning speed of 5°/min. An instru-
ment of Jeol JIB-4610F equipped with a Schottky electron 
gun was used to observe the surface morphology through 
field emission scanning electron microscopy (FE-SEM) 
(Jeol JIB-4610F) and elemental composition through X-ray 
spectroscopy (EDX) (PANalytical AERIS model). A trans-
mission electron microscope (TEM) (Tecnai G2 20 S-Twin 
instrument) was used to analyze the shape and size of CAL-
AuNPs, in which the size was calculated using ImageJ soft-
ware. The hydrodynamic particle size was also determined 
using dynamic light scattering (DLS) (Horiba SZ-100). Zeta 
potential analysis was used to evaluate the stability of nano-
particles using laser Doppler electrophoresis (nanoPartica 
SZ-100V2 Series, Horiba Scientific).

2.6  Antioxidant activity assay

The free radical scavenging activity was investigated by the 
1,1-diphenyl-2-picrylhydrazyl (DPPH) method following the 
previous studies [23]. The samples at various concentrations 
in methanol solvent (300 μL) were prepared and added with 
300 μL of 0.2 mM DPPH dissolved in methanol. The mix-
ture was incubated at room temperature in complete dark-
ness for 30 min. The absorbance was measured at 517 nm. 
Quercetin was used as the control positive, and the methanol 
solvent was used as the blank. The inhibitory activity (%) 
was calculated using the following equation:

where Acontrol is the absorbance of the mixture of blank and 
DPPH solution and Asample is the absorbance of the mix-
ture of sample and DPPH. The  IC50 value was calculated 
using the linear regression equation by plotting the regres-
sion curve of percentage scavenged versus concentration 
for each sample [24]. Further calculation was conducted by 
determining the antioxidant activity index (AAI) through 
the equation below:

2.7  Anti‑inflammatory activity assay

The anti-inflammatory activity of CAL-AuNPs was evalu-
ated using a protein denaturation assay of a previous study 
[25]. Briefly, the reaction mixture was prepared by adding 
2850 µL of 0.2% bovine serum albumin (BSA) solution (dis-
solved in 0.2 M Tris–acetate buffer, pH 6.5) and 150 µL 
of samples. The reaction mixture was incubated at room 
temperature for 15 min, heated in a water bath at 70 °C for 
5 min, and cooled at room temperature for 20 min. Methanol 
was used as the negative control. The absorbance was meas-
ured at 660 nm. The inhibition percentage of denaturation 
was calculated using the following equation:

Acontrol is the absorbance of the negative control and 
Asample is the absorbance of the samples. In addition, the 
activity index was also applied in order to understand the 
relationship between the sample and the anti-inflammatory 
standard. The calculation was obtained from the following 
equation and expressed as percent.

2.8  Antibacterial activity assay

The slightly modified broth microdilution method 
(NCCLS, 2008) was used to evaluate the antibacterial 
activity against Staphylococcus aureus, Streptococcus 
pyogenes, and Bacillus subtilis [26]. All examined bac-
terium was cultured for 24 h at 37 °C on BHI agar. A 
few bacterial colonies were mixed with normal saline 
solution (NaCl 0.85%) to create the inocula, and the sus-
pension’s turbidity was adjusted to match the standard 

% Inhibition =
Acontrol − Asample

Acontrol

× 100

AAI =
final concentration of DPPH radicals (�g∕mL)

IC50(�g∕mL)

% Inhibition = [1 −

(

Asample − Acontrol

)

Acontrol

] × 100

AI(%) =
inhibition percentage of sample

inhibition percentage of sodium diclofenac
× 100
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0.5 McFarland solution, which was stated to be equal to 
1 ×  108 CFU/mL. To get the suspension to contain about 
1 ×  106 CFU/mL, it was diluted (1:100) with sterile nor-
mal saline solution. Next, to obtain the desired final con-
centration, each sample was first dissolved in DMSO and 
then diluted with BHI broth. A 96-well plate was used to 
prepare twofold dilutions. After being introduced to each 
well, the bacterial suspensions (1 ×  106 CFU/mL) were 
incubated for 24 h at 37 °C. The lowest sample concentra-
tion that inhibited bacterial growth was found to be the 
MIC value.

2.9  Statistical analysis

Each experiment was conducted in triplicate and the 
results are expressed as mean ± standard deviation. The 
data was analyzed using Microsoft Excel Software.

3  Results and discussion

The gold nanoparticles (AuNPs) were synthesized greenly 
using the Indonesian medicinal plant of C. alata. The leaves 
of C. alata acted as a reducing agent of the  HAuCl4 solu-
tion assisted by microwave irradiation to optimize the reac-
tion. The formation of CAL-AuNPs was indicated by a final 
change in purple color (Fig. 1a). The final reacted solution 
was further confirmed by UV–Vis spectra, with a maximum 
peak at 534 nm (Fig. 1b). The color change is caused by 
surface plasmon resonance (SPR), which excites all free 
electrons within the conduction band. A previous study 
reported that the microwave-aided method yields Gano-
derma lucidum AuNPs with smaller size in a shorter dura-
tion of time compared to the conventional method [27]. Sim-
ilarly, research indicates that AuNPs synthesized using plum 
waste extract and licorice root extract exhibit an absorption 
peak at 540 nm [28, 29]. In addition, Capsicum annum fruit 

Fig. 1  The synthesized CAL-
AuNP identification, a the color 
change and b UV–Vis spectrum 
for surface plasmon resonance 
(SPR)
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and Brassica rapa var. pekinensis leaf extracts were used as 
bio-reductors for gold nanoparticle synthesis and exhibited 
an absorption peak at 540 nm [30, 31].

The potential secondary metabolites that reduced the 
metal ions and thus formed AuNPs were then identified 
using Fourier-transform infrared (FTIR) spectroscopy. The 
IR spectrum of C. alata leaves and CAL-AuNPs (Fig. 2) 
exhibited bands at 3264.48 and 3232.24  cm−1 conforming 
O–H bonds in alcoholic or phenolic groups, as well as at 
2927.26, 2918.58, and 2850.02  cm−1 corresponding to C–H 
stretching alkanes. Bands at 1513.87, 1513.18, and 14.43.65 
 cm−1 were the stretching vibrations of C = C aromatics. 
Intense peaks at 1041.29 and 1055.91  cm−1 corresponded 
to the C–O stretch of alcohols or ethers. All of the observed 
IR spectra were compared with previous studies [32, 33]. 
In general, the IR spectrum of CAL-AuNPs and C. alata 
leaves showed similar bands indicating that the compounds 
of C. alata leaves were capped on the surface of AuNPs, 
resulting in improving the CAL-AuNPs properties, such as 
the stability. As shown in Table 1, the plant extract contains 
various compounds such as 5,7,2′,5′-tetrahydroxy-flavone, 
daturameteline I, kaempferol-3,7-diglucoside, 21-o-methyl 
toosendanopentaol, and 3,3′,4,5′-tetramethoxy-trans-stil-
bene. C. alata leaf extract had constituents with the chemi-
cal structures of alcoholic, phenolic, alkane, aromatic, and 
carbonyl. Chemical compounds contained in C. alata leaf 
extract work as a bio-reductor in the formation of AuNPs, 
by converting  Au3+ to  Au0. These organic compounds may 
be essential for the biosynthesis of AuNPs because of their 
capacity to function as reducing and capping agents for sil-
ver ions, which helps to stabilize AuNPs and inhibit aggre-
gation (Fig. 3). Plant secondary metabolites for the biore-
duction of  Au3+ to  Au0 and their concentration can affect 
the green-produced AuNPs’ size, structure, and reaction 

kinetics. The extract from the leaves of C. alata functions as 
a bio-reductor, converting gold ions  (Au3+) into gold atoms 
 (Au0), which are subsequently grouped to form colloidal 
AuNPs [34, 35].

The physical properties of CAL-AuNPs were identified 
through several measurements. The crystallographic nature 
of CAL-AuNPs was evaluated by X-ray diffraction stud-
ies. The result is presented in Fig. 4a. The XRD patterns 
of CAL-AuNPs presented four major diffraction peaks at 
2θ values. As shown in the XRD spectrum (Fig. 3a), the 
four major diffraction peaks at 2θ values were observed 
at 38.361°, 44.311°, 64.935°, and 77.632°, corresponding 
to the (111), (200), (220), and (311) planes, respectively. 
Those peaks represented the face center cubic (FCC) crystal 
lattice of gold (Au). The XRD pattern of the CAL-AuNPs 
was compared to the Joint Committee on Powder Diffraction 
Standards (JCPDS) data No. 04–0748 to identify the crystal 
structure and phase of the nanoparticles [36]. This result was 
consistent with a number of studies. Passiflora ligularis-
AuNPs exhibited an XRD pattern with diffraction angles 
of 38.1°, 44.51°, 64.61°, and 77.82°. Another study also 
revealed that using Albizia lebbeck as a reducing agent in 
AuNP synthesis resulted in diffraction peaks at 2θ = 38.18° 
(111), 44.38° (200), and 66.57° (220) [37, 38].

Furthermore, the surface morphology was measured by 
the FE-SEM. As shown in Fig. 4b, the illustration of the 
spherical shape of CAL-AuNPs was displayed indistinctly. 
The elemental composition of CAL-AuNPs was determined 
through EDX analysis. The spectra that are obtained show 
peaks that correspond to the elemental composition of the 
material. The components present in the reaction media were 
to be identified by means of the analysis of AuNPs, which 
were produced using C. alata leaf extract. These components 
may contribute to the conversion of Au ions into AuNPs. 
The EDX spectrum showed a strong Au signal with weak 
signals of C and O (Fig. 4c). These signals are probably 
caused by biomolecules that are attached to the surface of 
the nanoparticle. This discovery validates the presence of Au 
in the reaction media and implies that C. alata leaf extract, 
a useful bio-reductant for biosynthesis, played an important 
role in the synthesis of AuNPs.

TEM illustration was used to re-confirm the spherical 
form of the CAL-AuNPs. As shown in Fig. 5a, the CAL-
AuNPs were clearly confirmed in spherical as the predomi-
nant shape. In addition, the study revealed the presence of 
triangular, diamond, and rectangular shapes. Several factors 
could be attributed to this discovery, such as the concentra-
tion of gold precursor and the volume and concentration of 
plant extracts, as well as the constituents of the plants acting 
as reducing agents [39, 40]. Secondary metabolites in plant 
extracts indirectly affected the shaping process of AuNPs, 
resulting in different shapes of nanoparticles. Furthermore, 
a number of studies reported that flavonoids and phenolic Fig. 2  FTIR spectra of C. alata leaves and CAL-AuNPs
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Table 1  LCMS/MS analysis of Cassia alata leaf extract

Structure Name RT [min] Formula
Molecular 

Weight

5,7,2’,5’- Tetrahydroxy-

flavone
8.82 C15H10O9 286.05

Daturameteline I 10.86 C34H48O10 620.31

Kaempferol- 3,7-

diglucoside
5.48 C27H30O16 610.16

21-o-methyl 

toosendanopentaol
10.62 C31H52O6 520.38

trans-stilbene
7.44 C14H12O4

300.14
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compounds contained in the extract of Hygrophila spinosa T. 
Anders and Elaeis guineensis leaves participated in the fab-
rication of AuNPs in a spherical shape [14, 41]. In addition, 
Fig. 5b shows the particle size distribution of CAL-AuNPs 
with an average particle diameter of 63.647 ± 1.334 nm. As 
the shape variation, the size of the particles was also affected 
by the extract volume and concentrations of the extract and 
precursor salt. Earlier study revealed that increasing the 
volume and concentration of Aloysia triphylla extract along 
with high precursor salt concentration produced the AuNPs 
with a size ranging from 40 to 60 nm [42]. Another study 
also reported that the high concentration of caffeic acid as 
a reducing agent produced a smaller size of AuNPs [43].

The hydrodynamic diameter of CAL-AuNPs was deter-
mined by DLS analysis. As shown in Fig. 5c, the CAL-
AuNPs had an average particle size of 78.3 ± 3.1 nm with 
a polydispersity index (PDI) of 0.397. The higher particle 
diameter of CAL-AuNPs was found through DLS than TEM 
analysis. This phenomenon was assumed due to the forma-
tion of particle aggregation because of the high nanoparti-
cle concentration in the tested sample [44]. Moreover, our 
study showed that CAL-AuNPs had lower PDI value than 
the AuNPs mediated by Sargassum tenerrimum (PDI, 0.412) 
and Turbinaria conoides (PDI, 0.521). PDI value is associ-
ated with the homogeneity of the particles, in which a higher 
degree of homogeneity in the synthesized particles is indi-
cated by a lower PDI value. PDI values above 0.7 show a 
broad particle size distribution profile [45, 46].

The surface charge and stability of CAL-AuNPs were 
evaluated by zeta potential analysis (ζ). It affects the tox-
icity and interaction between nanoparticles and cellular 

membranes. As shown in Fig. 6, the average zeta potential 
of CAL-AuNPs was − 17.4 mV indicating a negative surface 
charge. This zeta potential was classified as moderately sta-
ble [47]. Our finding was similar to the synthesized AuNPs 
mediated by Rhodiola rosea rhizome extracts (ζ, − 18.1 mV) 
and Ligustrum vulgare berries (ζ, − 18.3 mV) [48, 49]. The 
type of plant used in the synthesis of AuNPs can affect zeta 
potential. A previous study reported that plants with high 
antioxidant capacity tended to have a negative zeta potential 
value of AuNPs [50].

The antioxidant capabilities of AuNPs were examined 
using the simple and effective DPPH radical scavenging 
test method. Excess free radicals can collect in the body 
and create oxidative stress, which can damage healthy 
cells. As shown in Table 2, the antioxidant activity of the 
tested sample was in the order of C. alata leaves < CAL-
AuNPs < quercetin. In consideration of their AAI value, C. 
alata leaf extract was categorized as having strong activity, 
whereas the CAL-AuNPs and the positive control of querce-
tin had very strong activity, as classified by [51]. Due to 
the ability to scavenge free radicals and support the body’s 
defense mechanism against oxidative damage brought on 
by free radicals, antioxidants are vital to human health. 
Especially when made using biological or green synthe-
sis procedures, researchers have found that AuNPs have a 
strong antioxidant potential to prevent oxidative damage 
[52, 53]. This distinct antioxidant activity might relate to 
the bioactive compounds of the plants used in synthesiz-
ing the AuNPs. Bioactive compounds, such as flavonoids 
and phenolic compounds, affect the antioxidant activity of 
extracts. Flavonoids donate hydrogen or electrons onto free 

Fig. 3  The mechanism of the 
extract involved nanoparticle 
synthesis
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Fig. 4  Characterization of 
CAL-AuNPs, a XRD pattern, 
b FE-SEM images, and c EDX 
mapping and spectrum

(b)

(a)

(c)
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Fig. 5  Particle size determina-
tions of CAL-AuNPs, a TEM 
image, b particle size distribu-
tion graph calculated by ImageJ 
software, c hydrodynamic 
particle diameter by DLS

(a)

(b)

(c)
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radicals, which are responsible for the stability of radical 
compounds. Furthermore, benzene rings and the number of 
hydroxyl groups in phenolic compounds affect antioxidant 
activity [54]. Thus, it can be inferred that the presence of 
phenolic compounds and flavonoids enhances the antioxi-
dant activity of CAL-AuNPs. The CAL-AuNPs had higher 
antioxidant activity than other AuNPs indicated by a low 
 IC50 value (6.890 µg/mL). This value was much lower than 
other AuNPs synthesized by Mangifera indica  (IC50 of 256 
µg/mL) [55], Citrus limetta Risso  (IC50 value of 51.84 µg/
mL) [56], Kaempferia parviflora rhizome  (IC50 value of 94.5 
µg/mL) [57], and Azadirachta indica blossom  (IC50 value of 
69.77 µg/mL) [58]. Furthermore, a previous study performed 
that the AuNPs exhibited higher DPPH radical scavenging 
activity than other metallic nanoparticles of AgNPs with the 
 IC50 value of 20 and 100 µg/mL, respectively [59].

The anti-inflammatory activity was investigated by an 
in vitro assay through the suppressing protein denaturation 
properties of the CAL-AuNPs and C. alata leaves. Protein 
denaturation occurs when proteins lose their tertiary and sec-
ondary structures due to external stress. Denaturation causes 
most biological proteins to lose their function. Compounds 

preventing denaturation by more than 20% throughout concen-
tration ranges were deemed anti-inflammatory [25]. As shown 
in Table 3, the anti-inflammatory activity of the tested sample 
was in the order of C. alata leaves < CAL-AuNPs < sodium 
diclofenac. The calculation of the activity index revealed that 
the anti-inflammatory activity of CAL-AuNPs was twice as 
high as that of C. alata leaves, with respective percentage val-
ues of 49.31% and 23.89%. This finding was supported by 
a previous study [60]. They found that AuNPs mediated by 
Commiphora wightii greatly inhibited protein denaturation 
with the  IC50 value of 87.85 µg/mL. Another study also per-
formed the anti-inflammatory effect of AuNPs through the 
in vitro assay of human red blood cell membrane stabilization 
method and found that AuNPs effectively inhibited the heat-
induced hemolysis with a percentage of 94% at 25 µg/mL [61].

In recent years, nanoparticles have drawn interest as a 
fascinating antibiotic substitution strategy and have shown 
considerable promise in combating bacterial multidrug 
resistance in human infections. AuNPs have many methods 
of action to kill bacteria, unlike antibiotics, which reduce 
the likelihood of bacterial resistance. As a result, AuNPs 
represent a novel class of antibacterial agents. The antibacte-
rial properties of CAL-AuNPs were examined in this work 
against opportunistic pathogenic microorganisms. Based on 
broth microdilution, AuNPs exhibited antibacterial activity 
against S. aureus, S. pyogenes, and B. subtillis with MIC 
values of 62.5, 62.5, and 125 µg/mL, respectively (Table 4). 
However, these AuNPs did not show an antibacterial effect 
against E. coli. According to the results, the antibacterial 
activity of AuNPs was higher compared to C. alata leaf 
extracts. Utilization of plant extracts in green-synthesized 
AuNPs enhanced the antibacterial activity of AuNPs com-
pared to plant extracts. As reported by [62], AuNPs medi-
ated by Sambucus wightiana had high antibacterial activity 
against E. coli, Salmonella enteritidis, Salmonella typhi, and 
S. epidermis compared to S. wightiana extract. Synthesis 
method of AuNPs is one of the factors that affect the antibac-
terial activity of AuNPs. Numerous studies had suggested 
that particle size and shape also affected the antibacterial 
activity of green-synthesized AuNPs. The AuNPs with a 
smaller size of 7 nm showed good antibacterial activity 
against S. aureus, which enhanced the penetration of AuNPs 

Fig. 6  Zeta potential of CAL-AuNPs

Table 2  The antioxidant activity of Cassia alata leaf extract, gold 
nanoparticles, and quercetin

The value was expressed as average ± standard deviation (n = 3) and 
the asterisk (*) symbol indicated the control positive

Samples IC50 ± SD (µg/mL) AAI

Cassia alata leaf extract 30.185 ± 0.485 1.307 ± 0.021
CAL-AuNPs 6.890 ± 0.167 5.726 ± 0.141
Quercetin* 2.835 ± 0.090 13.916 ± 0.449

Table 3  Anti-inflammatory activity using protein denaturation assay

The value was expressed as average ± standard deviation (n = 3) and 
the asterisk (*) symbol indicated the control positive

Samples Concentration 
(µg/mL)

% Inhibition ± SD

Sodium diclofenac* 50 91.707 ± 0.79
CAL-AuNPs 50 45.225 ± 2.70
Cassia alata leaf extract 50 21.905 ± 0.10
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into bacterial cells [63, 64]. It has been reported that high 
surface-to-volume ratios are primarily responsible for anti-
bacterial activity, and AuNPs’ small size makes it easier 
for them to enter cell walls and membranes. Aggregating 
AuNPs on the cell surface can lead to pits, fissures, and 
pores that disrupt the permeability of the membrane [65]. 
Although the precise mechanism of the antibacterial action 
of AuNPs is not fully understood, however, some mecha-
nisms of action have been suggested (Fig. 7). According 
to other research, there is no need for the redox syndrome 
to be connected to elevated ROS concentrations. It might 
have to do with AuNPs directly injuring the GPx enzyme, 
which aggravates oxidative cell damage [66]. Moreover, it is 
anticipated that sulfur-based proteins found in bacteria and 
phosphorus-containing chemicals in DNA will interact with 
AuNPs to affect the respiratory chain, encourage cell divi-
sion, and finally cause cell death. Through oxidative stress 
induction, limiting the production of biofilms, and cell mem-
brane disruption, the AuNPs may also suppress or eliminate 
the pathogenic bacteria [67].

Nanomaterials have been shown to be a promising mate-
rial with a wide range of real-world applications. The results 
of this experiment demonstrated that the extract obtained 

from the leaves of C. alata acted as a successful reducing and 
capping agent during the production of AuNPs. By adhering 
to green chemistry principles, the synthesis technique did 
not utilize any harmful substances during the procedure. The 
nanoparticles showed remarkable stability and good physical 
properties. When tested against a few different bacteria, the 
generated nanoparticles showed strong antibacterial activ-
ity. The biological effects of AuNPs reduce inflammation 
and free radicals. The findings show that AuNPs that have 
been green-produced are a valuable natural resource with a 
variety of uses. Even though the green synthesis of AuNPs 
has advanced significantly, further study is required to boost 
trust in their safe and efficient application.

4  Conclusion

Using the extract from C. alata leaves, AuNPs were effec-
tively produced. UV–Vis, TEM, EDS, zeta potential, and 
FTIR were used to validate the biosynthesized AuNPs’ 
characteristics. Excellent antibacterial activity of AuNPs 
was shown against tested pathogenic microorganisms. 

Table 4  Antibacterial activity against Staphylococcus aureus, Streptococcus pyogenes, and Bacillus subtillis 

The asterisk (*) symbol indicates the control positive

Bacteria Tetracycline* CAL-AuNPs Cassia alata leaf extract

MIC (µg/mL) MBC (µg/mL) MIC (µg/mL) MBC (µg/mL) MIC (µg/mL) MBC (µg/mL)

Staphylococcus aureus 6.25 12.5 62.5 125 250 500
Streptococcus pyogenes 6.25 12.5 62.5 125 250 500
Bacillus subtillis 12.5 12.5 125 250 500 500
Escherichia coli 12.5 12.5 500 500 NA NA

Fig. 7  Mechanism of antibacte-
rial action of AuNPs
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Antioxidant and anti-inflammatory properties were also 
demonstrated by this nanoparticle.
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