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A B S T R A C T   

In this unprecedented study, the anticancer properties of gold nanoparticles synthesized using Achillea bieber
steinii flower extractwere investigated. Nanoparticle synthesis using herbal extracts is low-cost and can, there
fore, serve as an economically viable alternative for large-scale nanoparticle production. The smallest 
nanoparticles were spherical within a range of 2–30 nm (with an average of 8 nm). The gold nanoparticles were 
characterized using UV-visible spectrophotometry, x-ray diffraction, Fourier-transform infrared spectroscopy, 
dynamic light scattering, and transmission electron microscopy. The gold nanoparticles displayed great anti
oxidant potential similar to the positive control. Their cytotoxic effects on human testicular embryonic carci
noma stem cells were assessed using the MTT assay and acridine orange/propidium iodide. The nanoparticles 
demonstrated dose-dependent cell viability against cancer cells, and the half inhibitory concentration (IC50) 
values were 10 μg/mL. The expression of Bax, Bcl2, caspase-3, caspase-9, p53, and HSPA2 genes was evaluated 
using reverse transcription-polymerase chain reaction (RT-PCR) analysis to further confirm that gold nano
particles induced apoptosis. The cytotoxicity analysis results indicated that the gold nanoparticles were toxic for 
NTERA-2 cells. These positive outcomes can contribute to the rational design of novel anticancer agents.   

1. Introduction 

Despite the extensive advances in disease control and treatment, 
cancer remains a grave global health challenge [1,2] and the second 
leading cause of death, after cardiovascular disease [3]. Testicular or 
germ cell carcinoma accounts for about 95 % of all cases of testicular 
cancer which is the most frequent cancer in men aged 15–35 [4]. 
Testicular cancer is greatly similar to human embryonic stem cells and, 
in some cases, its differentiation has been observed in these cells. 
However, the cell origin of testicular cancer is unknown due to various 
types of sexual cells in the testicle. Pre-cancerous changes may occur in 
pre-puberty and even during fetal life; when the cells are mature, they 
become cancerous by stimulating factors such as hormones [5]. The 

most common treatment method for all types of cancers is chemo
therapy. However, a critical challenge in chemotherapy is acquired 
resistance to cancer drugs, causing a major problem for cancer treatment 
[6]. Recently, a crucial strategy leading to the advancement of medical 
research and the development of new methods against cancer has been 
the application of nanoparticles to anti-cancer drug targeted delivery [7, 
8]. The synthesis of metallic nanoparticles derived from noble metals 
has gained the attention of many researchers due to the nanoparticles’ 
vast applications [9,10]. They are primary particles with at least one 
dimension of 1–100 nm [11]. Particles at this scale have new properties 
that can be fundamentally applied to electronics, energy, medical sci
ence, biotechnology, and environmental science [12,13]. 

Among the different types of nanoparticles, metal nanoparticles such 
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as gold (AuNPs) and silver nanoparticles (AgNPs) are particularly sig
nificant owing to their unique properties [14,15]. AuNPs have been 
described as rising stars in the field of nanomedicine. AuNPs loaded with 
plant metabolites have been employed for their antimicrobial, anti
tumor, anti-inflammatory, and antioxidant characteristics [16]. In 
addition, AuNPs have displayed potential as antitumor factors for 
biomaterial delivery [17]. AuNPs confer abundant benefits over other 
nanomaterials, mainly due to their different sizes, morphologies, and 
unique physicochemical properties [18,19]. Physical and chemical 
methods are employed for nanoparticle fabrication. The disadvantages 
of these methods include high cost and the risk associated with using 
chemicals that remain in nature, leading to chemical pollution [20]. 
Other undesirable characteristics of these methods include the low 
production rate and the use of high pressure, temperature, and energy 
during the reaction process. Since nanoparticles are highly reactive with 
biomolecules, stabilizers are added (coating) to maintain their desired 
properties [21]. Nevertheless, chemical species adsorbed on the particle 
surface may have adverse biological impacts and be harmful to human 
health [22]. 

An environmentally safe method for nanoparticle production is the 
biological synthesis method [23]. Recently, several researchers have 
reported nanoparticle biosynthesis using a wide range of bio-resources 
such as bacteria, fungi, and plants [24,25]. Studies have demonstrated 
the role of polyphenols, carbohydrates, proteins, and especially plants in 
the regeneration of metal salts for nanoparticle synthesis [26,27]. Re
searches have shown that the surface of nanoparticles produced using 
this method was covered by plant metabolites. Moreover, carbohy
drates, proteins, and phenolic compounds made them more biocom
patible as well as sustainable. Hence, the application of plants in 
biotechnology may overcome the obstacles associated with nanoparticle 
fabrication [28,29]. Gold nanoparticles (AuNPs) have been widely 
considered for molecular identification, chemical usage, and biomedical 
applications in recent years owing to their great particular surface area 
and excellent conductivity [30]. Moreover, AuNPs have a variety of 
bio-applications that are biocompatible [31]. Plants show a high po
tential to make nanoparticles, but researchers have yet to identify all the 
plants possessing this potential [32,33]. 

In recent years, researchers have reported anti-inflammatory activ
ity, anti-tumor effects, and strong anti-proliferative activity in cancer 
cells exposed to Achillea biebersteinii Afan. extract [34,35]. The presence 
of major compounds of piperitone, cineole, limonene, and p-cyment in 
this plant is reported, indicating the presence of four flavonoids, one 
hydrocarbon, and one alcohol, which are responsible for the exceptional 
properties of A. biebersteinii Afan., also commonly referred to as yarrow 
[36]. Due to the presence of abundant metabolites and biomolecules in 
A. biebersteinii and the unique properties of AuNPs, in this pioneering 
study, A. biebersteinii flower extract was used for the first time as a 
reducing and capping agent for AuNP synthesis, and its anticancer effect 
on human testicular embryonic carcinoma cells (NTERA-2) was 
evaluated. 

2. Experimental procedure 

2.1. Materials, reagents, and plant extract preparation 

Fresh A. biebersteinii Afan. plant was collected from the north of 
Khorasan-Razavi Province, Iran. The plant species was identified and 
coded in the botanical herbarium of the Ferdowsi University of Mashhad 
(FUMH code: 27797) and had the genetic code NCBI: txid282722. The 
yarrow flowers were thoroughly washed with deionized water and then 
placed at room temperature to dry under dust-free conditions in the 
shade. The dried flowers were then powdered for extraction. Next, 15 g 
of powder was mixed with 100 cc of deionized water and placed on a 
magnetic heater-stirrer for 15 min to boil. The mixture was filtered after 
it cooled using a Whatman paper and stored at 4 ◦C for subsequent ex
periments. This solution was considered as the base extract (100 % 

extract) and the other concentrations were made from it. Gold salt 
(HAuCl4.3H2O, 99.9 %) and other chemical materials were procured 
from Merck Company (Germany). 

2.2. AuNP fabrication using plant extract 

The plant extract and gold chloride solution (AuCl4) (1 mM) were 
mixed at the ratios of 9:1 (90 mL extract/10 mL HAuCl4), 8:2 (80 mL 
extract/20 mL HAuCl4), and 7:3 (70 mL extract/30 mL HAuCl4). The 
colloidal solutions were placed on the magnetic heater-stirrer and then 
controlled at different temperatures (25, 40, and 80 ◦C) at various time 
intervals (30, 60, 120, and 240 min). 

2.3. Characterization of biosynthesized AuNPs 

Preliminary characterization and absorption spectra were measured 
using a spectrophotometer (Shimadzu UV-2500 model, Japan) tested in 
the range of 400− 700 nm. The AuNP mixture was centrifuged 
(14,000 rpm) for 10 min and washed with sterile deionized water; then, 
the superfluous solution and impurities were discarded and the nano
particle powder was obtained by the freeze-drying method. To prepare 
the XRD pattern, a powder diffractometer (Philips X’pert Pro model, the 
Netherlands, Amsterdam) was constructed using a Cu Kα copper anode 
source with a wavelength of λ = 1.5406 A◦. The X-ray diffraction tech
nique was applied to test the structure, metal nature, and elemental 
composition of the Ab-AuNPs. To identify biologically active groups 
involved in the formation of AuNPs, the FT-IR (NICOLET IR 100, USA) 
was used, and the spectra were evaluated in the range of 500–4000 
cm− 1. The size distribution profile of the Ab-AuNPs was analyzed by DLS 
(Photal, Otsuka Electronics Co., Osaka, Japan). The Ab-AuNPs’ shape, 
morphological details, dispersal, and size were analyzed using TEM (Leo 
912AB Ab Omega, Zeiss, Germany) operated at 120 kV. Subsequently, 
the size distribution and image analyses were performed using Image J. 

2.4. Antioxidant activity 

2.4.1. DPPH free radical scavenging assay 
The 2, 2-Diphenyl-1-picrylhydrazyl radical scavenging analysis for 

Ab-AuNPs was performed as explained by the standard method [37]. In 
this assay, each sample solution was diluted in water, and the final 
concentration of the extract and Ab-AuNPs was obtained 
(10–500 μg/mL). Subsequently, 1 mL of the DPPH solution (0.3 mM) 
was added to 2.5 mL of the sample solution. The values were calculated 
after 30 min at 518 nm and converted to an antioxidant percentage. The 
plant extract solution was used as the blank. The negative control was 
the DPPH solution, and ascorbic acid (routine) was employed as the 
positive control. 

The final percentage was calculated using the following formula 
[38]: 

Percentage of inhibition =
Absorption control − Absorption test

Absorption control
× 100  

2.4.2. SRSA assay 
Superoxide radical scavenging activity was assessed using the spec

trophotometric measurement of the reduced NBT product, based on the 
method explained by Nishikimi et al. [39]. The extract and Ab-AuNPs 
were used in the concentration range of 10–500 μg/mL as a standard. 
The mixture in a total volume containing the diluted solution sample 
with water, PMS (0.2 mL, 60 kmol/L, NBT (0.2 mL, 144 kmol/L), and 
NADH (0.2 mL, 677 kmol/L) in phosphate buffer was incubated at 25 ◦C 
for 5 min [38]. The absorbance (Ab) of formazan chromophore was read 
by spectrophotometry (BioTek, Epoch, USA) at 560 nm. The tests were 
performed in triplicate and averaged. 
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2.5. Cell culture and cell toxicity of Ab-AuNPs 

The human testicular embryonic carcinoma stem cells (NTERA-2 cell 
line) were obtained from the Iranian National and Genetic Reserves Cell 
Bank (accession cell no: IBRC C10509). The cells were cultured in a 
culture medium of DMEM +2 mM L-Glutamine + 15 % FBS and sub
culture (split subconfluent cultures, 70–80 %), using 0.25 % trypsin, 
0.02 % EDTA, and incubated at 37 ◦C with 5% CO2 [40]. The cells were 
evaluated for their number, morphology, and vitality under an intro
spective microscope. When the cells reached at least 70 % cell growth, 
they were detached by 5% trypsin and centrifuged at 1500 rpm for 
5 min. The resulting cell suspension was established as a suspension, and 
the cell percentage was specified using a Neubauer slide and trypan-blue 
dye under a light microscope (Nikon Optiphot, Nikon USA, Melville, 
NY). To validate non-contamination, cells with a higher percentage (90 
%) were used for testing. The in vitro cytotoxicity of Ab-AuNPs on the 
NTERA-2 cell line was studied using the MTT assay. The cells were 
seeded into 96-well plates (1 × 105 cell/mL, NEST®, New Jersey, USA) 
and treated with diverse concentrations of Ab-AuNPs (0, 0.5, 1.5, 3, 6, 
12, 25, 50, and 100 μg/mL) for 24 h. Afterward, 20 μL of the MTT so
lution (Merck, Germany) was added to each well and incubated for 2 h 
at 37 ◦C. At the end of the incubations, 100 μL (DMSO) was added to 
dissolve formazan crystals for four hours in a dark environment. The 
violet crystals of formazan formed in the surviving cells were dissolved, 
and a colorless liquid was uniformly produced. The absorbance of each 
well was read at 570 nm after 30 min of incubation using a plate reader 
and microplate spectrophotometer (Biotek Epoch, USA). The results 
were described as the IC50 percentage (concentration that inhibits cell 
growth up to 50 %). To achieve an improved result, the trials were 
performed in triplicate, and the percentage of viable cells was calculated 
according to the following formula [41]: 

Percentage of cell vitality (%) =
Mean absorbance of the treated sample
Mean absorbance of the control sample
× 100  

2.6. Apoptosis detection by acridine orange and propidium iodide (AO/ 
PI) 

The effects of apoptosis induction on Ab-AuNPs-treated NTERA-2 
cells were measured using the AO/PI test [42,43]. Briefly, the treatment 
was performed on a 6-well microplate. The NTERA-2 cells were plated at 
a concentration of 1 × 106 cells/mL and treated with Ab-AuNPs at 0, 10, 
25 μg/mL concentrations. The cells were incubated at 37 ◦C for 24 h. 
The supernatant was discarded, and the cells were washed twice with 
PBS. Fluorescent dyes having AO (10 μg/mL) and PI (10 μg/mL) were 
added to the cellular pellet at the same volumes. After 3− 5 min, 100 mL 
of the supernatant was removed and placed on the slide of the Neubauer 
rhodium hemocytometer. Apoptotic cell percentage was assessed under 
a fluorescent microscope (Olympus CKX41, Tokyo, Japan) and 
measured by the following formula [43]:   

2.7. RNA isolation and gene expression by real-time PCR (RT-PCR) 

A standard method was employed for this part of the study [44]. 
NTERA-2 cells were cultured separately in two cell culture flasks. One of 

them was incubated with the Ab-AuNPs at (IC50) for 24 h, and the 
others without treatment were evaluated as controls. Then, the cells 
were trypsinized and centrifuged. The entire RNA of the treated cells 
was isolated according to the protocol by a High Pure RNA isolation kit 
(Qiagen, Hilden, Germany). The extracted RNA was treated with DNase I 
to prevent DNA contamination. To prepare cDNA with oligo (dT), a 
first-strand complementary synthesis kit was used based on the manu
facturer’s protocol (Fermentas, Lithuania). To perform the qualitative 
PCR steps, specific primers (Table 1) and a mixer containing SYBER 
Green (GENET BIO, Korea) were used. For gene expression levels, the 
40-step cycle was performed by a Light Cycler® 96 Real-Time PCR 
System thermocycler (Roche, Germany). Gene expression changes were 
measured using the 2-ΔΔCt method. The test was performed in triplicate 
and the optimal thermal profile for BCL2, BAX, CASPASE-3, CASPASE-9, 
P53, and HSPA2 included a primary denaturation step at 95 ◦C (10 min), 
followed by 45 cycles at 94 ◦C (30 s), particular annealing temperature 
(30 s), and 72 ◦C (30 s). 

2.8. Data analysis 

The quantitative data were analyzed using one-way analysis of 
variance (ANOVA) and Tukey’s test for multiple comparisons as a 
posttest in SPSS 22. The results are presented as mean ± SD and the 
significance level is p-value <0.05. The χ2 or Fisher’s exact test and 
Pearson’s correlation analysis were performed to evaluate the associa
tion between gene expressions. Finally, the graphs were plotted in 
Microsoft Excel. 

3. Results and discussion 

3.1. Characterization of Ab-AuNPs 

3.1.1. UV–vis spectrophotometry 
Ab-AuNPs synthesis was performed using the aqueous flower extract 

of the A. biebersteinii Afan. UV–vis spectroscopy was employed to specify 
the optical properties of the biofabricated AuNPs. Ab-AuNPs have sharp 
surface plasmon resonance (SPR) absorption, which is influenced by the 
fabricated nanoparticles’ morphology and nature [45]. The wavelength 
was measured in the range of 400–700 nm. The distinctive absorption 
peak at 540 nm confirmed the formation of Ab-AuNPs. The appearance 
of a violet color following the mixture of the extract with AuCl4 solution 
indicated the creation of AuNPs [46]. The reaction mixture color change 
from green to dark purple was noticeable (Fig. 1). This color change was 
attributed to a redox reaction, which was the reduction of Au (III) to Au 
(0) by biomolecules existing in the extract [47]. 

The fabricated nanoparticles’ spectra were monitored by UV–vis 
spectroscopy at different extract and gold salt contents, temperatures, 
and times [48]. The absorption curve was observed in all the conditions; 
however, the strongest and most symmetrical absorption peak belonged 
to the high ratio of extract concentration to chloroauric acid 9:1 (90 mL 
extract/10 mL HAuCl4) at 80 ◦C within 2 h, and the absorption peaks 
were stable over time (Fig. 2). The spectrum patterns showed that the 

lowest reaction rate and the weakest absorption peak for the synthesis of 
gold nanoparticles were 7:3 (70 mL extract/30 mL HAuCl4) at 25 ◦C 
(Fig. 2). Sung et al. reported an upward linear relationship between 
nanoparticle formation and its absorption peak at different times such 
that, during a certain time, as the concentration of nanoparticles 
increased, its absorption peak also increased and then stopped [49]. In 

Percentage of total apoptotic cells (%) =
Total number of apoptotic cells

Total number of apoptotic and normal cells
× 100   
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the Ab-AuNP synthesis, the presence of the most intense and symmetric 
absorption peak indicated the highest nanoparticle concentration [50, 
51]. In general, the initial delay in the formation of gold nuclei 

decreased with increasing the temperature and plant extract concen
tration. These results are in line with the findings of other researchers 
[49]. Many studies reported a relationship between raising the reaction 

Table 1 
Primer sequences of apoptotic gene expression.   

Gene Forward Primer Reverse Primer Annealing   Product size (bp) 

1 BCL2 5′ CAGGATAACGGAGGCTGGGATG 3′ 5′ GACTTCACTTGTGGCCCAGAT 3′ 59   157 
2 BAX 5′ CCCTTTTGCTTCAGGGTTTCAT 3′ 5′ TCAGCTGCCACTCGGAAAAA 3′ 59   223 
3 CASPASE3 5′ ACTGGACTGTGGCATTGAG 3′ GAGCCATCCTTTGAATTTCGC 3′ 5′ 60   138 
4 CASPASE9 5′ CGGTGACCCCAGAATTGACC 3′ 5′ CCTGCCCGCTCACGTC 3′ 61   164 
5 P53 5′ TGCTCAAGACTGGCGCTAAA 3′ 5′ CAGTCTGGCTGCCAATCCA 3′ 59   157 
6 HSPA2 5′ TTGCAACCCCATCATCAGCA 3′ 5′ TTGGCACAAGGACATTTCAAAGA 3′ 59   192 
7 GAPDH 5′ GGAAGGTGAAGGTCGGAGTCA 3′ 5′ GTCATTGATGGCAACAATATCCACT 3′ 58   101  

Fig. 1. The reaction solution of mixing the aqueous flower extract of A. biebersteinii with the HAuCl4 solution. (a) 1 mM HAuCl4 solution; (b) plant extract; (c) The 
color of the reaction solution changes to dark green after 30 min; (d) The color changed to purple after 1 h; (e) The color changed to dark purple after 2 h. 

Fig. 2. UV–vis spectra of Ab-AuNPs at different extract concentrations at various ratios of (A) 9:1; (B) 8:2; (C) 7:3. At each reaction ratio of the extract and HAuCl4, 
different temperatures are shown (a) 25 ◦C; (b) 40 ◦C; (c) 80 ◦C. 
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speed and increasing both the reaction temperature and the plant extract 
concentration in gold nanoparticle synthesis [49–52]. Furthermore, in 
some samples, the absorption peaks shifted to longer wavelengths after 
some time and the reaction continued; or due to the accumulation or 
deposition of the produced nanoparticles, their absorption intensity was 
decreased. Khalil et al. reported that in green nanoparticle synthesis, 
over time, the absorption peaks shifted to longer wavelengths due to the 
continued reduction of the secondarily formed nanoparticles and their 
enlargement [53]. 

3.1.2. FTIR 
FT-IR spectroscopy is a typical method to identify the functional 

groups of different compounds [54]. The nature of regenerative bio
molecules in the formation of Ab-AuNPs and the bioactive components 
of the extract was studied by FTIR spectroscopy and compared. The FTIR 
spectra of Ab-AuNPs and flower extract are displayed in Fig. 3. Band 
2921 could be related to the C–H stretch fluctuations of the carbon 
chain, and the 1865 band could be related to the stretch oscillations of 
the C–O amino acids [55]. Band 1535 belonged to C––C groups in ar
omatic rings. Band 1455 was attributed to the CH–CH bond in the 
sugars or lipids in the extract [56]. Band 1110 belonged to the stretch 
oscillations in the first-type alcohols or the C–N in the aliphatic amines. 
The 794 band was related to the C–H bond of aldehydes or halogen 
compounds such as chlorides and bromides [55]. According to the FT-IR 
results, a similarity was observed in the Ab-AuNPs and extract with 
different intensities (Fig. 3), which could confirm the biosynthesis of 
Ab-AuNPs. The presence of a new bond in 1730 in the spectrum after 
gold ion resuscitation was attributed to the stretch oscillations of the 
C––O functional group of carbonyl or carboxylic acid compounds [55, 
56]; the spectra revealed that polyols were generally accountable for the 
reduction and stabilization of gold ions, whereby they were oxidized to 
unsaturated carbonyl groups and led to the mentioned peaks [57]. The 
slight drift detected in the intensity of the FTIR spectra of the extract and 
the Ab-AuNPs could be due to phytochemical ligands with the metal 
surface [58]. The FTIR results indicated the role of proteins and other 
functional groups in the biosynthesized AuNPs’ reduction, capping, and 
stabilization. 

3.1.3. X-ray diffraction (XRD) analysis 
The XRD pattern of the dried powder of the prepared Ab-AuNPs is 

illustrated in Fig. 4. The XRD peaks are located at angles 38.16 ◦, 
44.43 ◦, 64.67 ◦, 77.64 ◦, and 44.43 ◦, corresponding to 111, 200, 220, 
and 311 planes of Ab-AuNPs [59,60]. During the comparison, the graph 
obtained from the biosynthesized Ab-AuNPs by the gold standard chart 
showed that both graphs match [61]. Thus, it was ensured that the 
produced nanoparticles were gold nanocrystals. The presence of strong 
peaks in the patterns displayed a great degree of crystallinity for nano
particles [62]. These results were in agreement with the database of the 
Joint Committee on Powder Diff ;raction Standards (JCPDS, No 

04-0784). The reported peak values also matched the XRD patterns of 
AuNPs obtained by various green synthesis methods [63]. 

3.1.4. TEM and DLS studies 
The size and morphology of the biosynthesized nanoparticles with a 

ratio of 9:1 (90 mL extract/10 mL HAuCl4) and the highest peak and 
absorption peak in UV–vis spectroscopy were observed at three tem
peratures (25 ◦C, 40 ◦C, and 80 ◦C) using TEM, and the size distribution 
of Ab-AuNPs was assessed using DLS. As the reaction temperature 
increased, the synthesized nanoparticles’ size decreased; the average 
size of Ab-AuNPs decreased from 48 nm to 8 nm by increasing the 
temperature from 25 ◦C to 80 ◦C (Fig. 5). Song et al. (2009) reported 
that in the fabrication of AuNPs using magnolia plant extract, by 
increasing the reaction temperature from 25 ◦C to 95 ◦C, the mean 
diameter of the nanoparticles decreased from 110 nm to 40 nm [49]. 
The Ab-AuNP size reduction could be due to the rise in reaction tem
perature and, after that, the increase in reaction rate. Therefore, most of 
the gold ions were involved in the formation and consumption of the 
particles’ primary nuclei; consequently, the secondary resuscitation 
process on the primary nucleus was stopped, and the secondary growth 
of the particles was dramatically reduced [64]. DLS analysis revealed 
that, as the temperature increased, the size distribution of Ab-AuNPs 
became more uniform, which is also confirmed by TEM as a powerful 
and unique tool for structure and shape characterization [65]. The TEM 
images of the nanoparticles were clearly separated, indicating that their 
dispersion index was appropriate. Hence, the size distribution of the 
nanoparticles formed by the ratio of 9:1 at 80 ◦C was relatively uniform, 
and the particles were mostly the same size, and their dispersion range 
was about 2–30 nm, with an average size of 8 nm. On the other hand, the 
particles formed with the same ratio of plant extract and gold salt at 
25 ◦C had different sizes (10− 70 nm). The TEM images demonstrated 
that the nanoparticles were predominantly of a spherical shape. In a 
similar study, the TEM analysis of AuNPs by chitosan showed that 
nanoparticle size was 10–50 nm, and various shapes, including spher
ical, were visible [66]. Andeani et al. described the synthesis of AuNPs 
by a species of yarrow plant (Achillea wilhemsii) with spherical shapes. In 
this study, DLS and TEM results confirmed, via UV–vis spectroscopy, 
that significant differences in nanoparticle size could be due to the up
take of macromolecules (proteins, polysaccharides, etc.) and highly 
hydrophilic compounds on the nanoparticles’ surface, resulting in a high 
volume of nanoparticles. Therefore, in the DLS technique, the hydro
dynamic radius of the nanoparticles increased [67]. Huang et al. also 
reported that smaller nanoparticles could penetrate deeper and localize 
into tumor cells. They found that ultra-small Ab-AuNPs of sizes 2 and 
6 nm accumulated at high levels in mice tumor tissues. These nano
particles were also distributed in the nucleus and throughout the 

Fig. 3. FTIR spectra of (A) A. biebersteinii flower extract; (B) Ab-AuNPs.  

Fig. 4. XRD pattern of the biosynthesized Ab-AuNPs. The XRD peaks are placed 
at angles of 38.16 ◦, 44.43 ◦, 64.67 ◦, 77.64 ◦, and 44.43 ◦ corresponding to 
111, 200, 220, and 311 planes of Ab-AuNPs. 
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cytoplasm of cancer cells both in vitro and in vivo, although AuNPs with a 
size of 15 nm were found only in the cytoplasm of the cancer cells [68]. 
In this research, Ab-AuNPs with an average size of 8 nm were utilized to 
investigate antioxidant activity and anti-cancer effects on cancer cells. 

3.2. Antioxidant activity of biosynthesized gold nanoparticles (Ab- 
AuNPs) 

The antioxidant activity of Ab-AuNPs was also evaluated by the 
DPPH scavenging test with rutin as a positive control. The DPPH assay is 
a rapid way to evaluate the free-radical quenching capability of com
pounds and can be stabilized when it accepts electrons [69]. Herein, the 
dose-dependent DPPH scavenging property of both A. biebersteinii flower 

extract and Ab-AuNPs was found to intensify with enhancing concen
trations, and at higher concentrations, both of them exhibited better 
DPPH scavenging activity than rutin (Fig. 6A). The IC50 values of the 
plant extract, AuNPs, and rutin were 382.56, 261.84, and 
147.93 μg/mL, respectively. The Ab-AuNPs were found to be effective 
against the DPPH radicals. They also displayed superior DPPH scav
enging activity compared to the plant extract. A recent study has re
ported a similar antioxidant capacity for AuNPs using Allium sativum L. 
leaf aqueous extract which had excellent potential for DPPH inhibition 
at the IC50 value of 231 μg/mL [70]. 

Similar observations on increased DPPH scavenging activity with 
AuNPs fabricated from Gymnema sylvestre leaf extract (GYLE) were re
ported by Nakkala et al. It was shown that GYAuNPs had better 

Fig. 5. Size histograms of Ab-AuNPs at different temperatures. (A) 25 ◦C, (B) 40 ◦C, and (C) 80 ◦C by (a) DLS; (b) TEM images, and (c) particle size distribution. By 
raising the reaction temperature from 25 ◦C to 80 ◦C, the nanoparticle size decreased, and the average size of Ab-AuNPs was reduced from 48 nm to 8 nm. 

Fig. 6. Antioxidant scavenging activities of A. biebersteinii extract and Ab-AuNPs. (A) DPPH radical scavenging activity, (B) superoxide scavenging activity. Values 
are shown as mean ± SD of triplicate analysis (n = 3). The bar graphs with asterisks denote a significant difference *p < 0.05, **p < 0.01 and ***p < 0.001 versus 
control (rutin). 
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antioxidant properties than GYLE at different concentrations [71]. 
The superoxide radical activity of the extract and Ab-AuNPs was 

examined by the PMS–NBT reduction system. Plant extract and Ab- 
AuNPs showed outstanding superoxide radical reducing properties, 
with an effect comparable to that of standard antioxidant rutin (Fig. 6B). 
Both the extract and NPs demonstrated enhancing activity with a larger 
concentration, and the reticence percentage caused by the extract and 
Ab-AuNPs was at 500 μg/mL compared to the antioxidant rutin. Herein, 
the IC50 values of the plant extract, Ab-AuNPs, and rutin were 78.91, 
331.47, and 67.77 μg/mL, respectively. The superoxide scavenging ac
tivity of Ab-AuNPs which is increased by raising the concentration and 
rate inhibition was also demonstrated. 

These findings are consistent with the study by Nakkala et al. 
reporting that biosynthesized GYAuNPs exhibited substantial radical 
quenching activity comparable to the standard antioxidant rutin [71]. 

3.3. Antiproliferative activity of Ab-AuNPs against NTERA-2 

The MTT test is a common colorimetric method adopted to deter
mine cytotoxicity and measure cell proliferation. Different concentra
tions of Ab-AuNPs (0, 0.5, 1.5, 3, 6, 12, 25, 50, and 100 μg/mL) were 
employed to test stem cell viability (NTERA-2) after 24 h, and toxicity 
was measured by the MTT assay. Based on Fig. 7, untreated cells (con
trol) did not show toxic effects in the test. At 0.5, 1.5, and 3 μg/mL 
concentrations, Ab-AuNPs displayed less toxic effects than the other 
treated cells, which were not significant compared to control cells. 
Nevertheless, the first significant dose of nanoparticles occurred at a 
concentration of 6 μg/mL with a statistically significant level 
(p < 0.05). Ab-AuNP-treated cells revealed <50 % viable cells at a 
12 μg/mL concentration (p < 0.01). Hence, inhibitory concentration 
(IC50) values were calculated and were found to be 10 μg/mL of Ab- 
AuNPs on NTERA-2 cells. A significant reduction was observed in cell 
viability by ~50 % compared to the control (p < 0.01). The treated cells 
displayed a little higher toxicity than the Ab-AuNPs at 25 and 50 μg/mL 
concentrations, which were statically significant compared to the con
trol cells (p < 0.001). Further, at the maximum concentration (100 μg/ 
mL), cell viability was 11.5 % in the treated cells, which were statically 
significant compared to the control (p < 0.001) (Fig. 7). When the cells 
were treated with Ab-AuNPs, the viability of the cells was perpetually 
decreased in a dose-dependent manner. The outcomes of this study 
suggest that the cytotoxicity of Ab-AuNPs was enhanced by elevating the 
NP concentration. AuNPs are found to display potent cell toxicity due to 
the generation of reactive oxygen species (ROS) leading to cell 
destruction [72]. Some other investigations on AuNPs also proved their 
potent cell toxicity towards several cell lines [73,74]. A previous study 
showed biosynthesized AuNPs with sizes around 10–30 nm by the leaf 
extract of Sasa borealis, indicating cytotoxic effects on AGS cells (gastric 

cancer). It was reported that cytotoxicity depended on the nano
particles’ size and concentration [75]. In another study, biosynthesis of 
AuNPs using Curcumae kwangsiensis folium leaf aqueous extract with an 
average size of 16.6 nm had significant efficacy on common ovarian 
cancer cell lines (SK-OV-3, SW-626, and PA-1). The viability of cancer 
cells was reduced dose-dependently in the presence of AuNPs [76]. 
Shuiqin Li et al. fabricated gold nanoparticles using Mentha longifolia leaf 
and investigated the cytotoxicity properties on different cell lines of 
breast carcinoma (MCF7, Hs 578Bst, Hs 319.T and UACC-3133). They 
reported that AuNPs acquired anticancer properties for cancer cell 
removal in a dose-dependent manner [77]. 

Krishnaraj et al. reported that AuNPs and AgNPs reduced the vitality 
of breast cancer cells in a dose-dependent manner [78]. Based on these 
investigations, the cytotoxicity of nanoparticles may rely on the size of 
particles and the nature of cell types. Numerous researchers have drawn 
similar conclusions [79]. 

3.4. Apoptosis assay using AO and PI double-staining 

In this staining, the green cells with diffused chromatin were viable, 
and orange cells with condensed chromatin were apoptotic. A total of 
100 cells were counted randomly, and the two samples of control and 
treated cells were compared. In cells treated with Ab-AuNPs (10 μg/mL 
and 25 μg/mL), the percentage of early apoptotic (orange-green), late 
apoptotic (dark orange), and necrotic cells (bright red) significantly 
increased compared to the control sample (Fig. 8). Cell counts showed 
that Ab-AuNPs triggered morphologic changes in the treated NTERA-2 
cells, representing the possible stimulation of apoptosis and necrosis 
upon treatment in a dose-dependent manner. 

The percentage of apoptotic and necrotic cell populations in the 
treatment groups (B and C) was 53 % and 64 %, respectively (p < 0.01, 
p < 0.01), while this percentage was <4% in the untreated cell popu
lation of the total cells (Fig. 9). By increasing the concentration of 
nanoparticles from 10 μg/mL to 25 μg/mL, the apoptotic cell commu
nity was decreased to 11 %, while the necrotic cells increased to 24 % 
(p < 0.05). This may have been caused by the development of apoptotic 
cells into necrotic cells after a particular time. Consequently, necrosis is 
a post-apoptotic occurrence. This mechanism is visible in cells that are 
enduring cell death by apoptosis in vitro, as an example, by the lack of 
survival agent signs or activation of multiple death receptors by totally 
diverse deadly signals. In the absence of phagocytic cells, these cells 
eventually cease to be metabolically responsive, losing membrane 
integrity and releasing their cytoplasmic components into the culture 
medium [80]. These results are in line with those of previous MTT in
vestigations. Wang et al. focused on the biosynthesis of AuNPs using 
Scutellaria barbata. In this report, acridine orange (AO) and propidium 
iodide (PI) revealed apoptosis-induced morphological in pancreatic 
cancer cells (PANC-1), confirming apoptotic characteristics at doses of 
25 μg/mL and 50 μg/mL [81]. In another study, acridine orange staining 
demonstrated that the AuNPs synthesized using Zataria multiflora leaves 
altered the Hela cancer cell nucleus and increased apoptotic and 
necrotic cells [41]. Vairavel et al. also reported that Enter
ococcus-mediated AuNPs at concentrations of 12 and 24 μg/mL in the 
human colorectal cancer cell line (HT-29) induced apoptosis-associated 
morphological alterations. The staining results showed early and late 
apoptotic cells stained with yellowish-green and red dyes, respectively, 
and that the number of apoptotic cells was increased in a 
concentration-dependent manner [82]. 

3.5. Investigation of apoptosis gene expression by RT-PCR 

In this experimental study, quantitative real-time PCR was employed 
to study the gene expression of apoptotic markers (i.e., Bax, Bcl2, 
caspase-3, and caspase-9) and other related genes, p53 and HSPA2, in 
untreated NTERA-2 cells by Ab-AuNPs at a concentration of 10 μg/mL 
for 24 h (IC50). Overall, cancer occurs after some alterations, such as 

Fig. 7. Cytotoxic analysis of Ab-AuNPs on NTERA-2 cell lines. Cells were 
treated with Ab-AuNPs for 24 h and cell viability was determined by MTT 
assay. Error bars represent the mean ± SD of three independent experiments 
(n = 3). *p < 0.05, **p < 0.01 and ***p < 0.001 versus control (un
treated group). 
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changes in the expression of genes, which in part causes new alterations 
in the cell [83]. The key regulatory process of apoptosis includes death 
receptors, caspases’ activation, Bax gene expression, and Bcl2 gene 
expression control [84]. In the apoptosis process, caspases are activated 
and act on their substrates, causing biological and structural changes in 
apoptotic cells. These enzymes are responsible for initiating the hall
marks and the execution phase of apoptosis, including DNA fragmen
tation, membrane blebbing, and cell shrinkage. Caspase-3 and caspase-9 
have been recognized as key regulators of programmed cell death; 
therefore, the evaluation of caspase activity as a biochemical marker of 

apoptosis is warranted [85]. 
Herein, the expression levels of both caspase-3 and caspase-9 were 

higher in treated cells compared with untreated cells at respectively 
1.46- and 1.39-fold changes (p < 0.05) (Fig. 10), indicating that 
apoptosis was mediated through caspase cascade. The results revealed 
higher gene expression levels of Bax (1.65-fold change) and lower gene 
expression of Bcl2 (1.48-fold change) in cells exposed to Ab-AuNPs 
compared to untreated cells (p < 0.01 and p<0.001, respectively) 
(Fig. 10). 

Based on the findings, an inverse relationship was observed between 
the anti-apoptotic Bcl2 and the pro-apoptotic Bax gene expression. The 
inhibitory effects of Ab-AuNPs on Bcl2 gene expression were significant 
with a remarkable reduction. Moreover, Bax gene expression consider
ably increased after cell treatment with nanoparticles. The expression 
levels of Bax and Bcl2 genes could be differently controlled by Ab- 
AuNPs, which suggests that a balance in the expression of these genes 
and their related proteins may play a role in controlling the process of 
apoptosis. Bax and Bcl2 belong to a multi-gene family of proteins with 
homodimer and heterodimer structures. Bax induces programmed cell 
death and has an opposite function to that of Bcl2. Anti-apoptotic pro
teins (Bcl2) are located extensively on the surface of the mitochondrial 
outer membrane, the endoplasmic reticulum, and the nuclear mem
brane, preserving the entire membrane. Tumors can inhibit apoptosis by 
enhancing anti-apoptotic regulator expression (Bcl2) and reducing 
apoptotic factors such as Bim, Bax, and Puma [86]. The results of this 
study confirmed the findings of previous studies that identified the 
function of apoptotic factors, such as caspases, Bax, and Bcl2 [87–89]. 
Ritwik Maity et al. stated that ROS production and mitochondrial de
polarization stimulation by theaflavin conjugated AuNPs (AuNP@TfQ) 
on human ovarian cancer cells altered the Bax/Bcl2 proportion and ul
timately activated the apoptotic factors in the treated PA-1 cells. A major 
up-regulation of the pro-apoptotic indicators (Bax, Bad, BID, and BIM) 
was shown in their findings, whereas the down-regulation of 
anti-apoptotic indicators (Bcl2 and Bcl-w) was observed. Additionally, 
the results demonstrated that the caspase family (caspase-3 and 
caspase-8) was upregulated, and the most likely justification for 
apoptosis induction was caspase-mediated cell death [90]. 

The tumor suppresser gene p53 played a key role in apoptosis 
stimulation and was implicated in cancer medical care. However, over 
50 % of all tumors possess deactivated p53, and it is considered the most 
accepted cause of drug resistance and poor chemotherapeutic outcomes 
[91]. In vitro and in vivo studies revealed the return of p53 gene activity 
in several cancer cells, resulting in apoptosis induction [92]. 

Herein, p53 expression was investigated in treated and untreated 

Fig. 8. Fluorescent micrograph of AO/PI 
double-stained NTERA-2 cells. Cells were 
treated with concentrations of A) 0, B) 10, and 
C) 25 μg/mL of Ab-AuNPs. (A): Most untreated 
cells (control) were observed to be uniformly 
green with a normal structure and very low 
apoptosis and necrosis. (B) and (C): Treated 
cells at a concentration of 10 and 25 μg/mL of 
Ab-AuNPs demonstrated early and late 
apoptosis and necrosis. Early apoptosis features 
include orange-green amongst the fragmented 
DNA and chromatin condensation. Late 
apoptosis appears as dark orange, and bright 
red necrosis is obvious. Cells are introduced as 
the viable cell (V), early apoptotic cell (EA), 
late apoptotic cell (LA), and necrotic cell (N) 
using arrows. The values are shown as 
mean ± SD (n = 3). (200× magnification & 
400× magnification).   

Fig. 9. Assessment of the percentage of viable, apoptotic, and necrotic NTERA- 
2 cells treated with concentrations of A) 0, B) 10, and C) 25 μg/mL of Ab-AuNPs 
for 24 h calculated from AO/PI staining. Compared to the control group (** p <
0.01), comparing the two concentrations with each other (* p < 0.05). 

Fig. 10. RT-PCR analysis of caspase-3, caspase-9, Bax, Bcl2, p53, and HSPA2 
mRNA expression in NTERA-2 cells, untreated cells as the control and cells 
treated with Ab-AuNPs (IC50 value) for 24 h. *p < 0.05, **p < 0.01 and 
***p < 0.001 were considered as statistically significant vs. control. 
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cells to estimate the molecular mechanism of NTERA-2 cells in the ex
istence of Ab-AuNPs. In treated cells, a significant up-regulation (1.92- 
fold change, p<0.01) was observed in the expression of tumor sup
pressor gene p53 as compared to the control (Fig. 10). It has been stated 
that the elevated levels of p53 expression and DNA-damaging factors act 
synergistically to induce apoptosis and reverse the persistence in cancer 
cells [93]. Another study indicated that P53 and P53-downstream (P21 
and P27) gene expression was significantly up-regulated in 
AuNP@TfQ-treated PA-1 cells [90]. 

P53 is a phosphoprotein transcription agent that controls the 
expression of more than 2500 target genes. It is involved in various 
cellular processes such as genome preservation, longevity, metabolism, 
and tumor suppressor [94]. Regarding the P53-dependent apoptotic 
transcriptional activity, this factor acts as a transcription agent for a set 
of pro-apoptotic proteins from the Bcl2 family (Puma Noxa Bid Bax), 
increasing the expression of these proteins and ultimately inducing 
mitochondrial permeability and the release of cytochrome c. Cyto
chrome c is essential for activating Apaf-1 and plays a vital role in 
activating caspases [95]. In a transcription-independent pathway, P53 
directly targets mitochondria, binds to Bcl2 and Bcl-XL, and reduces 
their inhibitory effect on Bax and Bak proteins. Finally, it causes mito
chondrial permeability and cytochrome c release [96]. The relationship 
between the high expression of this gene in testicular cancer cells and its 
sensitivity to chemotherapy and radiation therapy is significant for re
searchers. As noted earlier, after the cell DNA is damaged and the P53 
gene expression level is increased, high levels of the gene in testicular 
cancer cells may make them prone to apoptosis [97]. Of course, other 
genes are also involved in apoptosis and produce high levels of BAX 
protein, an apoptotic booster protein in testicular cancer cells. However, 
these cells show very low levels of expression of the Bcl2 gene, a protein 
that weakens apoptosis [98]. 

Heat shock proteins (HSP) are intracellular protective proteins that 
contribute to the initial and re-folding and twisting of proteins. These 
proteins are highly expressed in response to stressful conditions such as 
heat, oxidative stress, and chemicals [99]. They also protect cell nuclei 
and lipid membranes from damage and prevent apoptosis, a funda
mental and important cellular mechanism that allows cells to survive 
environmental damage [100]. HSPs play a dual and opposite role 
against cancer cells. On the one hand, it contributes to the growth and 
survival of cancer cells due to its involvement in the folding process or 
the collection of proteins and factors involved in cell proliferation, 
thereby enhancing the resistance of cancer cells. On the other hand, it 
stimulates the innate immune mechanism and mutually increases cancer 
antigens for lymphocytes, thus contributing to the body’s immunity 
against cancer [101]. According to previous studies, these proteins are 
associated with many tumor antigenic peptides and are their carriers. 
They also play a role in the formation of immunological complexes 
(peptide–HSP complexes) as protective molecules. The immunological 
function of HSP became apparent when the HSPs obtained from the 
tumor provided active and effective immunity against it [102]. There
fore, it is essential to estimate the expression of this gene in treated 
cancer cells. 

Herein, the HSPA2 expression was dramatically decreased in 
NTERA-2 cells treated with Ab-AuNPs compared to the untreated cells 
(1.84-fold change, p<0.001) (Fig. 10). Decreased HSPA2 expression by 
Ab-AuNPs treatment may have reduced meiosis for the period cell cycle, 
prompted DNA damage and, as a result, inhibited cancer cells’ growth. 
HSPA2 (formerly HSP70-2) is a member of the genes related to the 
mitochondria in the cell and greatly contributes to meiosis improvement 
in cell differentiation. HSP70-2 may support DNA fixation proteins in 
cancer cells, and its deficiency induces DNA destruction, growth arrest, 
and cell death [103]. Jäättelä et al. demonstrated that Hsp70-2 
expression was significantly increased in a subset of human breast 
cancer samples, and that its deficiency caused a striking 
anti-proliferative reaction unique to cancer cells [104]. 

4. Conclusion 

In recent years, biology and nanotechnology researchers have paid 
special attention to nanoparticles’ structures, shapes, combinations, and 
unique physicochemical properties for medical treatment protocols, 
pharmaceutical products, and drug delivery. Herein, for the first time, it 
was shown that the A. biebersteinii aqueous flower extract acts as a 
capping/reducing factor in AuNP biosynthesis. This synthesis method is 
very rapid, biocompatible, and cost-effective. The characterization re
sults confirmed the spherical shape of the smallest Ab-AuNPs with a 
particle size of 2–30 nm and a mean diameter of 8 nm. The toxicity study 
of Ab-AuNPs on the testicular cancer cell line (NTERA-2) showed dose- 
dependent toxicity. The results suggested a correlation between Ab- 
AuNP-induced apoptosis, caspases 3/9 gene expression, and Bax and 
Bcl2 family proteins’ expression in the NTERA-2 cell lines. It is also 
concluded that the Ab-AuNP-induced apoptotic pathway in these cells 
might be p53-dependent, and the HSPA2 gene expression could induce 
apoptosis via an associated signal pathway. Overall, the coordinate ef
ficiency of these molecules is essential for regulating cell life and death. 

The synthesized AuNPs demonstrate multifunctional properties for a 
more effective cancer treatment that can be easily transferred to the 
clinic. Additionally, fundamental investigations are warranted to iden
tify the molecular interactions of NPs with their target cells. An 
important problem before the vaster application of AuNPs in the clinic, i. 
e., cytotoxicity, must be attentively tested. Although AuNPs are reported 
to be inherently nontoxic, it is essential to assess the toxicity of the NP 
core and its capping ligands. By tagging NPs with functional molecules, 
the efficacy of anticancer therapeutics can be dramatically enhanced. 
The present research highlighted the utility of nanoscale materials to 
promote the apoptotic properties of AuNPs against testicular cancer 
cells. It is suggested that the synthesized Ab-AuNPs be used in medicine, 
particularly for cancer treatment. It is also essential to explore bio
fabricated NPs as a potential and practical source of unique anticancer 
factors. More studies are warranted to disclose novel molecular targets 
that are solely expressed in the tumor microenvironment to aid the 
targeting of NP-based therapy. In the future, research should focus on 
the cellular and molecular mechanism of Ab-AuNPs in in vivo models to 
fill in this knowledge gap. The evaluation of the effects of Ab-AuNPs in 
the diagnosis and treatment of various cancers is also recommended. 
Hence, more progress in Ab-AuNPs testing (in vitro and in vivo) is 
required to guarantee patient safety, including the improvement of 
standard testing resources and procedures. The nanoparticles’ trans
ference, accumulation, and fate inside the human body must be sys
tematically studied before their use can be authorized as an anticancer 
drug. In conclusion, the fabricated Ab-AuNP is a huge step forward and a 
promising treatment strategy for the treatment of cancers, especially 
testicular cancer. 
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