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Abstract: Biogenic methods are an effective alternative to chemical methods in the preparation of
nanoparticles. Our study used Crocus caspius extract to synthesize gold nanoparticles (CC-AuNPs) in
a green manner. The eco-friendly synthesis of AuNPs was conducted by optimizing the temperature
and concentration of HAuCly and extract. Synthesized CC-AuNPs were characterized using TEM,
SEM, EDX, XRD, FTIR, and UV-Vis spectroscopy. The prepared CC-AuNPs were detected with a
size of around 22.66 £ 1.67 nm. The FI-IR analysis of the biomolecules involved in synthesizing
CC-AuNPs was performed. Additionally, these biomolecules capped on the AuNPs were revealed by
TG/DTA analysis. The EDX study demonstrated the existence of elemental gold. The biosynthesized
CC-AuNPs were effectively applied as green catalysts to reduce three organic pollutant dyes—methyl
orange (MO), methylene blue (MB), and 4-nitrophenol. In the biological evaluations, the free rad-
ical scavenging activity of the eco-friendly CC-AuNPs (DPPH assay) indicated an IC5y value of
29.22 + 0.47 ug/mL. They displayed effective antibacterial activity against several bacterial strains.
Their anticancer activity against AGS and MCEF-7 cells showed ICsj concentrations at 48.2 pug/mL
and 51.76 pg/mL, respectively. Furthermore, CC-AuNPs presented excellent antileishmanial activity
(IC50 =13.92 ug/mL). Therefore, the green AuNPs are efficient in biomedicine and nanobiotechnology.

Keywords: gold nanoparticles; Crocus caspius; anticancer; antibacterial; antileishmanial; catalytic
effects

1. Introduction

Along with the rapid growth in cancer patients in recent decades, research into the
fields of treatment and prevention has constantly increased. As examples, one could
mention breast cancer, which has been announced as the most frequent type in women
worldwide [1], and pancreatic cancer, for which medical records have shown an increase in
the death rate due to this disease. As an alternative to the current methods, i.e., chemother-
apy, radiotherapy, or surgery, many research efforts have focused on the anticancer activity
of biosynthesized nanoparticles to combat cancer [2,3]. The nanotechnology-based thera-
peutics, as an association between the fields of nanotechnology and biotechnology, have
displayed promising opportunities for cancer therapy, antimicrobial, and catalytic applica-
tions [4,5].

Over the last few decades, nanotechnology has incontrovertibly influenced cutting-
edge research on biomedical and cancerous therapy. The main concerning areas regarding
the potential application of nanomaterials in biomedicine are tuning size, the surface-to-
volume ratio, and structure [6], and approaching a cost-effective, environment-friendly,
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and biocompatible synthesis protocol. Among the most-studied nanomaterials, gold
nanoparticles (AuNPs), which are distinguished by their fascinating antibacterial features,
oxidation resistance, and anti-inflammatory activities [7], have garnered unprecedented
attention for this purpose [8].

Several limitations and disadvantages concerning chemical and physical approaches
for synthesizing biocompatible AuNPs have derived the motivation toward developing
eco-friendly and bio-inspired synthesis routes. Green chemistry has emerged as a well-
known strategy to toggle over difficulties such as hazardous by-products because of its
biocompatibility and more facile control of particle size. As an environmentally safe method,
green synthesis using micro-organisms and plant extracts instead of chemical substances,
uses a versatile route to reduce Au ions to functionalized nano-biological, well-defined Au
nanoparticles [2,9,10]. In this regard, a double role, either reducing or stabilizing, has been
speculated for the plant extracts [11]. In recent years, different kinds of plant extract have
been used to prepare noble metal NPs. Some plants involved in AuNPs synthesis can be
mentioned: convolvulus fruticosus [10], crataegus monogyna [9], Lonicera japonica flower [12],
Azadirachta indica [13], Stenotrophomonas maltophilia [14], Crocus sativus [15,16], barberry [17],
Coffea arabica seed [18], and Stevia rebadiauna leaf extracts [19]. However, despite all the
recent endeavors that have been devoted to synthesizing AuNPs via bio-reductants, it is
highly desirable to put forward an even more convenient and easy-to-perform procedure
for better control of the size, shape, and surface functionalization of nanoparticles with
antibacterial and anticancer activities.

The features mentioned above would render the biosynthesized AuNPs without defi-
ciencies such as toxicity, which makes them favorable for cancer therapy [11]. In addition,
it has been reported that the green synthesis method promotes the antimicrobial activity of
metal nanoparticles. The size of the NPs is the crucial parameter in this regard [20]. Differ-
ent mechanisms have been reported for the antimicrobial performance of AuNPs, such as
electrostatic interaction between NPs and the cell membrane of micro-organisms, and the
perforation of bacterial cell walls by AuNPs, which leads to cell death [21]. Furthermore,
nanoparticles with smaller sizes and higher surface-to-volume ratios would more easily
attach to the microbial membrane and subsequently penetrate it [22].

Another important property of gold nanoparticles is their catalytic effect, which
stems from electronic charge distribution on their surfaces [18]. Moreover, by considering
the electron transfer character, or the so-called electron relay effect, nanoparticles exert
redox catalytic activity [7]. Recently, the successful catalytic performance of AuNPs in the
degradation of Congo red and methyl orange has been reported [6]. Keeping this in mind,
the catalytic activity of biosynthesized AuNPs is highly advantageous for reducing the
environmental pollutants due to dye efflux from industries [10].

The present work deals with the green synthesis of AuNPs employing the extract
of Crocus caspius as a reducing and capping agent. It has been proved that the extract
of Caspian saffron, Crocus caspius, which is an endemic plant that grows in the south
of the Caspian Sea, can be used as an antimicrobial agent [23,24]. Saffron is generally
well-known for its antioxidant and antimicrobial properties, which have been applied in
traditional Iranian folk medicines without any toxic side effects [24,25]. It is believed that
its antioxidant property is due to the presence of phenolic compounds and carotenoids.
These fascinating characteristics have been our motivation to prepare AuNPs mediated by
the extract of C. caspius for the first time. The effects of different variables, such as AuNPs
concentration, extract concentration, and reaction temperature, have also been studied in
the green synthesis of AuNPs by C. caspius extract. Different characterization methods,
including UV-Vis, SEM, TEM, EDX, DLS, zeta potential, and TG/DTA, were discussed
to optimize the structural and physical properties. The anticancer activity of CC-AuNPs
in vitro was examined by MTT assay against two cancer cell lines (MCF-7 and AGS). The
antibacterial assessments were performed against several gram-positive and -negative
strains of ATCC bacteria. Moreover, the radical scavenging (DPPH assay), antifungal, and
antileishmanial activities of CC-AuNPs were investigated. Finally, the catalytic effects of
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prepared CC-AuNPs were studied to reduce methylene blue (MB), methyl orange (MO),
and 4-nitrophenol (4-NP) in the presence of NaBH, by UV-Vis spectroscopy.

2. Results and Discussion
2.1. Characterization of Synthesized CC-AuNPs

In this work, as the C. caspius extract was added to the chloroauric acid (HAuCly-3H,0)
solution, the solution color slowly changed from yellow to ruby red after 30 min because
of the reduction of Au (III) ions to Au(0), which shows the fabrication of AuNPs; thus,
monitoring through UV-Vis spectroscopy is a useful technique. The formation of gold
nanoparticles was represented by the broad surface plasmon resonance (SPR) peak around
570 nm (Figure 1). Various reaction conditions affected the UV-Vis spectra (Figure 1a—c) [26].
As shown in Figure 1a, to determine the optimum conditions, the concentrations of 6.348,
5.078, 3.809, 2.539, and 1.269 mM from HAuCl,-3H,O in deionized water were mixed with
CC-extract (100 mg/10 mL) at 80 °C and 400 rpm, indicating the peak absorption increased
concentration-dependent manner. Increasing the concentration of the gold salt resulted
in negligible differences in the Apnax position. Therefore, 5.078 mM of HAuCly-3H,O
was considered to be the optimum concentration for gold salt. Temperature is another
essential parameter that affects the production of gold nanoparticles; the optimization of the
temperature factor in the green synthesis of AuNPs was represented at the UV-Vis spectra
in Figure 1b; 3.809 mM of HAuCly-3H,0 was mixed with CC-extract (100 mg/10 mL) at 40,
60, 80, and 90 °C, resulting higher peak absorbance at 80 °C. Indeed, it can be seen that the
SPR bands were found at almost at the same Anax at higher temperatures, and the position
of the peaks did not change noticeably. As shown in Figure 1c, various concentrations of
C. caspius (25, 50, and 100 mg) were investigated to obtain the optimum concentration in
the synthesis of CC-AuNPs; the best peak area was obtained for 100 mg CC-extract. Based
on the results, the best conditions for the synthesis of gold nanoparticles observed were
5.078 mM Au salt and 100 mg CC-extract at 80 °C, which had the highest absorption peak
at the wavelength of 570 nm compared to the others. The biosynthesis of AuNPs using
Ginkgo biloba leaves was performed at the optimal conditions of 0.5 mM of HAuCly solution,
0.5 mL of G. biloba extract, pH 10.0 at 60 °C for 30 min, yielding good stability, small sizes,
and uniform distribution at SPR bands around 530 nm [27]. The green synthesis of AuNPs
using the leaves extract of Commiphora wightii was proved by the change in the solution
color from pale yellow to purple wine and the SPR bands at 533 nm [28]. In another study,
AuNPs mediated by Pongamia pinnata leaves extract yielded absorption spectra with SPR
bands in the 520-540 nm range [29].

TEM measurements have been employed to determine various the shapes and sizes of
metal NPs. Therefore, in this work, CC-AuNPs were analyzed by TEM (Figure 2a), which
displayed irregular shapes such as spherical, hexagonal, trigonal, and rods, but dominantly
spherical or semi-spherical shapes with an average size of around 22.66 + 1.67 nm for CC-
AuNPs. In addition, the histogram obtained from the TEM image showed a size range of
8-45 nm for the prepared nanoparticles, which was consistent with the SEM histogram. The
AuNPs produced by Ginkgo biloba leaves were well-dispersed and had various shapes, but
were mainly spherical in nature [27]. The average size of AuNPs synthesized by Pongamia
pinnata leaves extract was obtained in the range of 10-25 nm [29]. As shown in Figure 2b,c,
the FE-SEM images present the surface morphology of C. caspius-prepared AuNPs at
500 nm and 1 pm magnifications. The micrograph at 1 um magnification (Figure 2c)
indicated a beautiful and irregular picture of the placement of synthesized nanoparticles in
the residues of plant extract. In fact, FE-SEM images showed that the prepared AuNPs are
embedded in the biomatrix. They are in a variety of shapes with an average particle size of
about 30.98 £ 1.12 nm, which was close to the size calculated by the XRD analysis. Based
on the histogram obtained from the SEM image, about 80% of synthesized nanoparticles
were at 1040 nm in size. The SEM micrograph of AuNPs capped with Croton Caudatus
Geisel leaf extract revealed both individual AuNPs and a variety of aggregates. The TEM
investigation revealed the produced AuNPs with spherical shapes and sizes of 20-50 nm [8].
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SEM micrographs of Sphaeranthus indicus-prepared AuNPs indicated spherical morphology,
and their TEM analysis displayed spherical shapes with an average size of 25 nm [30].
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Figure 1. UV-Vis absorption spectra of CC-AuNPs: (a) various concentrations of HAuCly-3H,O
(6.348 mM, 5.078 mM, 3.809 mM, 2.539 mM, and 1.269 mM), (b) various temperatures (40, 60, 80, and
90 °C), and (c) various CC-extract concentrations (25, 50, and 100 mg).

EDX analysis was used to identify atomic compositions of CC-AuNPs, indicating a
strong gold signal (2.2 keV) in the biosynthesized CC-AuNPs (Figure 3). In addition, the
presence of C (0.27 keV), O (0.52 keV), and other impurities in the EDX spectra confirmed
phytochemicals existing in the CC-extract [7,31,32]. The findings of Liu et al. proved the
formation of AuNPs (by Zooglea ramigera) with EDX signals at 2.2 keV and 8.5 keV, which
was similar to our result [33].

The hydrodynamic diameter of synthesized CC-AuNPs was assessed using DLS
analysis, indicating the mean size of 101.4 + 19.6 nm by number (Figure 4a,b). DLS
analysis for gold nanoparticles synthesized by Moringa oleifera petals displayed an average
hydrodynamic size of 203 nm [34]. In another study, the DLS analysis of AuNPs prepared
using Scutellaria barbata yielded an average size of 154 nm [2]. It is to be expected that the
particle size determined by TEM and DLS scattering differs slightly due to the differing
measurement methods [34]. The stability of nanoparticles was determined by zeta potential
that was determined as —30.8 £ 1.5 mV for the prepared CC-AuNPs. The phytochemicals,
acting as capping agents, can produce repulsive forces on the surface of nanoparticles that
make them stable [35].
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Figure 2. (a) The TEM image and the histogram reported from TEM image; (b,c) the SEM images at
500 nm and 1 pm magnifications and the histogram obtained from image 500 nm magnification.
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Figure 3. The EDX analysis of CC-AuNPs synthesized by C. caspius extract.
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Figure 4. (a) Hydrodynamic particle size of CC-AulNPs using DLS (number-weighted) analysis
(101.4 £ 19.6 nm), (b) zeta potential analysis of CC-AuNPs (—30.8 £ 1.5).

The FT-IR analysis was carried out to demonstrate the presence of the functional
group and biomolecules in C. caspius extract. The roles of the extract as a reducer and
a stabilizer stem from the availability of these groups. The FT-IR spectrum of the CC-
extract and extract-mediated AuNPs (CC-AuNPs) is depicted in Figure 5. The peaks at
3285 cm ™! confirm the presence of the stretching vibration of phenolic hydroxyl [35,36].
The role of phenols as free radical scavengers has been clarified in recent years [23].
The peaks located at 2924 and 2854 cm~! are associated with saturated hydrocarbons
(Csp®-H) [37]. Recently, it has been mentioned that the appearance of hydroxyl and
carboxyl ions attests to the fact that the biomolecule could form the protective layers to
stabilize the metal NPs [38]. The peak region of 2112 cm ™! was associated with stretching
bands of the -C=C- [4], 1624 cm~! peak (stretching band of the carboxyl coupled to the
amide I band) [39], 1708 cm™~! for carbonyl functional group [35], and C-N stretching
vibrations of aliphatic amines and C-O stretching vibrations of alcohols at 1040 cm~! have
also been observed in our analysis [36,40]. The bands appearing at the wavenumbers
988 and 922 cm ! indicate v(=CH trans out of plane bending) and v(=CH cis out of plane
bending) vibrations [41,42]. As observed from the FI-IR spectra of the CC-AulNPs, the IR
bands of the phenolic hydroxyl (around 3285 cm ! in the case of the CC-extract) almost
drastically vanished, which confirms their complete incorporation in the reduction and
stabilization of the nanoparticles. In other words, through the breaking of O-H bonds
and subsequent release of electrons due to the flavonoid and phenolic compounds, the Au
(IIT) ions are converted into Au(0) [43]. Furthermore, this mechanism is speculated to be
responsible for hindering the agglomeration of nanoparticles, which eventually control
their size and shape [6]. Comparing the peak position of AuNPs with those of CC-extract,
the peak intensity at 1694 cm~! and 1590 cm~! for CC-AuNPs diminished with slight
shifts to lower wavenumber. After the production of CC-AuNPs, a sharp peak appeared at
2110 cm ™!, which related to the interaction between gold and CO. In other words, CO can
be adsorbed on AuNPs and form CO-Au(0) species. In fact, this could be the reason for
the decrease in the intensity of the peaks at 1694 and 1590 cm ! in the AuNPs spectra [44].
Furthermore, one could distinguish some shifts to lower wavenumber, suggesting that the
biomolecules act as capping agents on the surface of nanoparticles [1]. Our observations
have clarified that phytochemical compounds (phenols, flavonoids) in the extract promote
the formation of AuNPs and the binding of the biofunctional groups on the surface of
synthesized AuNPs; these results are confirmed using several studies [32,34,45].
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Figure 5. The FT-IR spectra for the C. caspius plant extract and biosynthesized AuNPs.

The crystalline nature of the NPs was evaluated by X-ray diffraction (XRD). The XRD
pattern of biosynthesized AuNPs using the C. caspius extract is presented in Figure 6. The
diffractogram shows four main diffraction peaks at about 20 = 38°, 45°, 65°, and 78°,
which are indexed to the (111), (200), (220), and (311) lattice planes, respectively. The
identified peaks follow the reference of face-centered cubes (FCC) structure of metallic
Au, from the Joint Committee of Powder Diffraction Standard (JCPDS) Card No-004-
0784 [31,36]. The mean crystallite size of C. caspius extract-mediated AuNPs was found to
be around 34.18 nm, which was calculated using the Debye-Scherrer equation (particle size
D = (k x A)/(B cosB)) [46]. The XRD studies of AuNPs prepared by a cheap Sphaeranthus
indicus extract illustrated the FCC structure of metallic Au with a mean size of 37.96 nm [30].
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Figure 6. The XRD spectrum of biosynthesized CC-AuNPs.

TG/DTA analysis was applied to define the thermal stability and the total amount
of phytochemical residuals of the synthesized CC-AulNPs [47]. The green synthesized
CC-AuNPs were heated from 55 °C to 800 °C, indicating about 22% weight loss (Figure 7).
Based on the TGA spectrum, weight loss was shown to occur in the ranges from 55 °C to
255 °C (with slight weight loss) and 255 °C to 455 °C (with high weight loss). The weight
loss at 55 °C to 100 °C can be related to residual water evaporation [48]. In addition, the
residual mass was related to the decomposition of capping biomolecules on the surface
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of CC-AuNPs [48,49]. Higher temperatures showed no critical weight loss, indicating the
thermal stability of CC-AuNPs.

105 6
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2 2z
£ 90 - =
3 s
q Lo (a]
® g5
80 - -2
75 . . . . . . . 4
55 155 255 355 455 555 655 755 855
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Figure 7. The TG/DTA pattern of biosynthesized CC-AuNPs.

2.2. HPLC Analysis

The HPLC method used for determining the content of flavonoids and phenolic acids
in C. caspius extract used a binary isocratic solvent system. The HPLC analysis showed
that the main bioactive compounds in this extract are gallic acid, catechin, caffeic acid,
p-coumaric acid, and rutin (Table 1). HPLC analyses revealed that catechin was the major
phenolic component in the extract with 8.4 mg/g plant, which was higher than other
standards. The mechanism of AuNPs formation by phytochemicals existing in C. caspius
extract is offered in Figure 8. The catechol moiety of the flavonoid structure or phenolic
acids helps synthesize AuNPs; two e— are released from the ring, reducing Au(IlI) ions
to Au(0), leading to the oxidation of catechol to 3’,4’-quinone ring. In the following, Au is
aggregated to larger clusters and produces AuNPs. Furthermore, the quinone type of the
bioactive compound is bound to the surface of NPs, reducing the aggregation of Au(0) on
the nanoscale [50-53].

Table 1. The content of some phenolic acids in the extract of C. caspius.

Phenolic Acid Retention Time (min) C. caspius (mg/g)
Catechin 2.48 8.403
Gallic acid 3.58 0.14
p-Coumaric acid 9.76 0.107
Caffeic acid 17.28 0.027
Rutin 26.2 1.7

2.3. Antibacterial Activities of CC-AuNPs (MIC and MBC)

Minimum inhibitory concentration and minimum bactericidal concentration of CC-
AuNPs were measured to evaluate their antibacterial activity against various bacterial
strains Table 2. The MIC and MBC values of synthesized gold nanoparticles against several
microorganisms were expressed in Table 2. The results showed that CC-AuNPs exhibited
more activity against S. aureus and K. pneumoniae (MIC = 53.125 pg/mlL), followed by
P. aeruginosa, A. baumannii, E. coli, and P. mirabilis (MIC = 106.25 ug/mL), and E. faecalis
(MIC =212.5 pg/mL). Various studies have described the antimicrobial effect of AuNPs
against different pathogens [47,49,54,55]. However, the action mechanism of NPs is not yet
clarified in the inhibition of bacterial growth. Few studies have presented some hypotheses;
the AuNPs can penetrate the organism’s cell wall or cell membrane and interfere with their
functions [31].
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Figure 8. The probable mechanism of the green synthesis of AuNPs using C. caspius extract.

Table 2. The MIC and MBC values of CC-AuNPs against several gram-positive and gram-negative
bacterial strains.

CC-AuNPs Extract Ciprofloxacin
Bacteria ATCC MIC MBC MIC MIC
(ug/mL) (ug/mL) (ug/mL) (ug/mL)

S. aureus ATCC 29213 53.125 850 >4000 0.21

E. faecalis ATCC 29212 212.5 3400 >4000 0.21
P. aeruginosa ~ ATCC 27853 106.25 1700 >4000 0.3
A. baumannii ~ ATCC 19606 106.25 850 >4000 0.25
E. coli ATCC 25922 106.25 1700 >4000 0.1

K. pneumoniae  ATCC 700603 53.125 850 >4000 0.1
P. mirabilis ATCC 25933 106.25 850 >4000 0.1

2.4. Antileishmanial Activity

The treatment of leishmaniasis requires much attention because current treatment
strategies are inefficient, expensive, and have severe toxic side effects; therefore, these prob-
lems complicate the control and treatment of the disease [56]. In this study, synthesized
CC-AuNPs by C. caspius were examined against the in vitro antileishmanial activity. From
the results, CC-AuNPs (212.5-6.64 ng/mL) displayed an ICsq value of 13.92 pg/mL, which
was lower than that of amphotericin B (28.7 £ 2 ug/mL), the positive control. Therefore,
the CC-AuNPs can be effective for leishmaniasis. Ahmad and coworkers showed antileish-
manial activity of AuNPs synthesized by Sargentodoxa cuneata with an ICsy value of
5.29 pug/mL [57]. Besides, Maytenus Royleanus-mediated AuNPs presented 75% inhibition
against the parasite growth [58]. According to the authors, the increased antileishmanial
activity of AuNPs was due to a synergy between the surface-capped biomolecules and the
antimicrobial properties of Au [56].
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2.5. In Vitro Assay for Cytotoxicity Activity (MTT Assay)

The effect of synthesized NPs on cell viability was determined. Different concentra-
tions of CC-AuNPs (1, 10, 25, 50, and 100 png/mL) were tested by MTT assay for their
cytotoxic effects on AGS, MCF-7, and HEK cells (Figure 9). These results determined that
the green-synthesized CC-AuNPs had significant anticancer activities against AGS and
MCE-7 cancer cell lines with the ICsy concentrations of 48.2 pg/mL and 51.76 pg/mL,
respectively. Figure 9 shows the different cell viability percentages with varying concentra-
tions of CC-AuNPs; as the concentration of CC-AuNPs was increased, cell growth reduced.
The synthesized AuNPs inhibited the growth of AGS and MCF-7 cells by 24% and 29% at
1 ug/mL (the lowest tested concentration). The reference anticancer drug fluorouracil
(5-FU) presented the ICsy concentrations of 44.25, 62.73, and 37.39 pg/mL in AGS, MCF-7,
and HEK cells. Therefore, CC-AuNPs demonstrated anticancer activity close to 5-FU against
two cancer cell lines, AGS and MCF-7. Uzma et al. showed that AuNPs prepared using
Commiphora wightii had cytotoxic effects on MCF-7 cells with an ICsg of 66.11 pug/mL [28].
The cytotoxic effect of AuNPs with an extract of the red seaweed Corallina offcinalis was
assessed in the MCF-7 cell line, and the concentration of biosynthesized AuNPs required to
kill 50% of tumor cells was 1.5 pL/mL [59]. The green synthesized AuNPs displayed 81.9%
cell inhibition against MCF-7 cells at the concentration of 2 nug/mkL [60]. The cytotoxic
mechanism may be due to free radicals production (ROS) from the green AuNPs [32].
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Figure 9. Cytotoxic effects of the prepared CC-AuNPs against MCF-7 and AGS cells and normal HEK
cells during the treatment time of 24 h presented on two kinds of graph: log concentration vs cell
viability %, and concentration vs cell viability %.

2.6. Antifungal Activity

The broth microdilution assay was applied to investigate the antifungal effect of
CC-AuNPs against several resistant fungi strains. CC-AulNPs inhibited the growth of
Aspergillus (1649), Aspergillus (1505), and Trichophyton mentagrophytes (FR1_22130) (Table 3)
with an MIC value of 212.5 pg/mL; they did not exhibit activity against other tested strains.
Hydrothermal green-prepared AuNPs using the mushroom extract (A. bisporus) exhibited
a strong antifungal effect against A. flavus compared to A. terreus [61]. Furthermore, studies
on the inhibitory mechanism suggested that gold ions cause loss of DNA, its ability to
replicate, ribosomal subunit protein expression, and the expression of other cellular proteins
and enzymes required for ATP generation on microorganisms, leading to the inactivation
of living cells [62].
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Table 3. The MIC value achieved from biosynthesized CC-AuNPs against fungi strains.

Funed CC-AuNPs Extract Itraconazole

et MIC (ug/mL) MIC (ug/mL)  MIC (ug/mL)
Aspergillus fumigatus (IFRC1649) 212.5 >2500 >16
Aspergillus fumigatus (IFRC1505) 2125 >2500 >16
Trichophyton mentagrophytes (FR1_22130) 212.5 >2500 >16
Trichophyton mentagrophytes (FR5_22130) R >2500 16>
Fusarium proliferatum (IFRC1871) R >2500 >16
Fusarium equiseti (IFRC1872) R >2500 >16
Candida albicans (IFRC1873) R >2500 >16
Candida albicans (IFRC1874) R >2500 16>

R; Resistant.

2.7. DPPH Assay

DPPH, a stable free radical, reacts with antioxidants, contributing H and causing reduc-
tion. The reaction color changes from red to yellow and can be recorded at the absorbance
of 517 nm by UV-Vis spectrophotometry. Gold nanoparticles can donate e—or H- to DPPH
free radicals and neutralize free radicals [22]. Due to the high surface area to volume ratio
of AuNPs, they have a high affinity for the interaction with DPPH and its reduction [63].
Biosynthesized AuNPs have been offered as potent antioxidants in various studies [64—66].
In this work, the ICsy value of CC-AuNPs obtained was 29.22 £ 0.47 pg/mL. Butylated
hydroxyanisole (BHA), a positive control, has an ICsy value of 53.96 pg/mL. Thus, the
effect of free radical inhibition of synthesized CC-AuNPs was more effective than BHA.

2.8. Catalytic Activity on Degradation of Organic Dyes (MO, MB, and 4-NP)

One of the most challenging problems for the environment is the removal of non-
biodegradable organic chemicals from industrial waste. Nanoparticles exert a potent
degrading activity on organic dyes because of their high surface area [67]. In this work, the
catalytic degradation of MO, MB, and 4-NP was studied in the presence of the prepared
CC-AuNPs and NaBH4 (Figures 10-12). Various contents of CC-AuNPs (100, 120, and
150 uL x 425 pg/mL) were mixed with MO and NaBHj solution, changing the solution
color (from orange to colorless) at 91, 46, and 21 min, respectively (Figure 10a—c). Based on
the obtained data, a higher content of CC-AulNPs decreased the degradation reaction time
(Figure 10d). As shown in Figure 10e, the absorbance spectrum of MO was unchanged
without CC-AuNPs at 470 nm, even over 24 h. Therefore, the reduction reaction was
very slow in the absence of a nanocatalyst. The reaction kinetics were pseudo-first order,
and the MO degradation rate constants were calculated as 0.0219 min—?!, 0.04 min—!, and
0.0729 min~! for 100, 120, and 150 uL, respectively (Figure 10f). These data showed that
the surface area of nanoparticles increased with increasing nanocatalyst content, therefore
causing at increase in the reaction rate constant. The degradation percentages of MO using
100, 120, and 150 puL of the biofabricated CC-AulNPs were found to be 99, 99.3, and 100%,
respectively (Figure 10g), showing the good catalytic effect of our AuNPs. The obtained
results have been supported by previously published findings for green-prepared AuNPs
as catalysts [26,68].

The degradation of MB solution by CC-AuNPs (150, 170, and 200 uL) with NaBH4
at 665 nm showed the solution color change from blue to colorless at 17, 15, and 13 min
(Figure 11a—c). Figure 11d presents the comparison of degradation times at three nanocat-
alyst contents; the higher content of CC-AuNPs degraded MB in a shorter time. No MB
degradation was detected in the presence of NaBH, only (Figure 11e). For the pseudo-first-
order rate of the MB degradation reaction, the rate constants calculated were 0.1123, 0.1233,
0.1366 min~! for 150, 170, and 200 pL of CC-AuNPs, respectively (Figure 11f). Therefore,
adding catalytic amounts of CC-AuNPs to the dye solution containing NaBH, promoted
the rate of the dye reduction reaction [26]. The degradation percentages of MB by 150, 170,
and 200 pL of the synthesized CC-AuNPs obtained were 98, 98.6, and 99.5%, respectively
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(Figure 11g), showing the good catalytic activity of AuNPs. Some reports were consistent
with our findings [69-71].
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Figure 10. UV-Vis absorption spectra for the reduction of MO with NaBHj4 catalyzed by (a) 100 puL,
(b) 120 uL, and (c) 150 puL of CC-AuNPs at the concentration 425 ug/mlL, (d) the comparison of
different volumes of CC-AuNPs. (e) UV-Vis spectra for the reduction of MO with NaBH, only
without nanocatalyst; (f) the corresponding plots of In(At/A0) vs. time, (g) degradation percentage
of MO.
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Figure 11. UV-Vis absorption spectra for the MB reduction with NaBHj catalyzed by (a) 150 puL,
(b) 170 uL, and (c) 200 puL of CC-AuNPs (425 ug/mL), (d) the comparison of different volumes of
CC-AuNPs. (e) UV-Vis spectra for the MB reduction with NaBH, only, without nanocatalyst, (f) the
corresponding plots of In(At/AQ) vs time, (g) degradation percentage of MB.
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Figure 12. UV-Vis absorption spectra of 4-NP reduction with NaBHy, catalyzed by (a) 10 pL, (b) 15 uL.
of CC-AuNPs (425 pg/mL), (c) the comparison of different volumes of CC-AuNPs (10 and 15 pL).
(d) UV-Vis spectra of 4-NP reduction with NaBH,4 without nanocatalyst, (e) the corresponding plots
of In(At/A0) vs time, (f) degradation percentage of 4-NP.

In addition, the reduction of 4-NP by biosynthesized CC-AuNPs (10 and 15 uL) with
NaBH4 was examined at 405 nm, changing from yellow to colorless with the removing the
absorption peak at 405 nm over 19 and 15 min (Figure 12a—c). Figure 12d shows a com-
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parison of the reduction times. Moreover, the degradation rate of 4-NP was pseudo-first
order with a rate constant (K) of 0.1129 and 0.1524 min~! (Figure 12e). Therefore, the rate
constant improved using the addition of CC-AulNPs to the NaBH4 solution. The degrada-
tion percentages of 4-NP using 10 and 15 pL of the prepared CC-AuNPs were calculated
97.7 and 99%, respectively (Figure 12f). In addition, the results of the present study have
been confirmed by previously published findings for green-synthesized AuNPs [72,73].
Therefore, the results indicated the excellent catalytic effect of biosynthesized CC-AuNPs
in the degradation of three organic dyes of MO, MB, and 4-NP.

The catalytic potential of CC-AuNPs may be owing to their size; smaller AuNPs
display higher surface area and simplify the adsorption of organic dye (MO/MB/4-NP)
and BH4 ™. AuNPs operate as electron donors and acceptors and assist the electron transfer
in a redox reaction, therefore transferring H™ to the surface of the dye (Figure 13) [69]. For
4-NP reduction by AuNPs, BH4 ™~ is adsorbed onto AuNPs as the catalytic surface, and the
self-hydrolysis of BH4 ™~ produces BO, ~. Temporarily, “the active surface-hydrogen” (Au-H)
is formed when BH, ™ transfers “the active hydrogen species” to AuNPs. Afterward, 4-NP
is reversibly attached to the Au surface. At the same time, “the active surface hydrogen”
is transferred to -NO; and creates the corresponding amino group. Then, the desorption
of produced aminophenol compounds from the catalyst surface was performed [74]. In
addition, the AuNPs help the electron transfer from BH;~ to MO and MB dyes, producing
colorless compounds: leuko methyl orange and leuko methylene blue, respectively. It is
assumed that the catalytic reduction of dyes is complete when the absorption intensity of
MB and MO reach their baseline [75-77].

//0—+

S—ONa
I\
(o)
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Figure 13. The mechanism of action of catalytic degradation of three dyes (MB, MO, and 4-NP) using
biofabricated CC-AuNPs and NaBH, under visible light.
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3. Materials and Methods
3.1. Materials

Chloroauric acid (HAuCly-3H,0) from Sigma Aldrich (St. Louis, MO, USA), 2,2-
diphenyl-1-picrylhydrazyl from Merck (Schnelldorf, Germany), and sodium borohydride
from Fluka were provided as analytical grade. In addition, methylene blue, methyl orange,
and others were purchased from Merck India Ltd. Deionized water was used for all
aqueous solutions.

3.2. Preparation of C. caspius Extract

The C. caspius was provided from the Mazandaran province of Iran. The whole plant
was dried at room ambient for five days, and the dried plant was powdered using a blender.
To prepare the plant extract, 20 g of the dried plant was extracted using methanol (90 mL)
for 24 h through the maceration method at room temperature and then filtered through
Whatman filter paper. To remove methanol, the filtrate was concentrated by a rotary
evaporator and then freeze-dried. The obtained solid extract (about 4 g) was used during
the synthesis of AuNPs.

3.3. Green Synthesis of C. caspius Extract-Mediated AuNPs

Different experimental conditions were tested for the green synthesis of C. caspius
extract-mediated gold nanoparticles. The optimum condition was obtained through the in-
vestigation of HAuCly-3H,O at different concentrations of 6.348 mM, 5.078 mM, 3.809 mM,
2.539 mM, and 1.269 mM in deionized water at 40, 60, 80, and 90 °C at 400 rpm. Then,
10 mL of the extract (25, 50, and 100 mg of the dried extract) was added to the reaction
solution drop by drop. The yellow color of the mixture transformed to ruby red after
about 30 min, demonstrating the reduction of the Au ions. UV-Vis spectrophotometer
monitored the fabrication of the nanoparticles ranging from 200-800 nm. The produced
gold nanoparticles were designated as CC-AuNPs, washed (with methanol and water
successively), and then dried.

3.4. High-Pressure Liquid Chromatography (HPLC)

HPLC system comprised a model K-1001 solvent delivery system equipped with a
Rheodyne injection valve (20 uL sample loop inserted) and a UV-Vis spectrophotometric
detector (model K-2600) set at 285 nm. The analysis was conducted using an ODS (C18)
column (250 mm X 4.6 mm, I.D., 5 mm particle size, Shim-pack VP-ODS). All solvents were
degassed before injection.

A solution of acetonitrile, water, and formic acid (17:82.6:0.4) at 25 °C with a flow rate
of 1 mL/min and a run period of 40 min was utilized as the mobile phase for separation.
The detector was tuned to 280 nm to detect five standards at once. The purpose of this study
was to determine the phytochemicals present in the plant by comparing the compounds’
retention durations to authentic standards. Catechin, gallic acid, p-coumaric acid, caffeic
acid, and rutin, all made by Sigma-Aldrich, were used as standards. The peak area of
specific concentrations of the sample and standard was used to determine the amount of
phenolic acids.

3.5. Characterization of the Synthesized Nanoparticles

The fabrication of AuNPs was checked by evaluating the absorbance of the mixture
reaction on the UV-Vis spectrophotometer (T80 UV-Vis spectrophotometer PGI, Beijing,
China) at 200-800 nm, when the solution color changed from yellow to ruby red color.
Transmission electron microscopy (TEM) imaging (EM 208S, Philips, Eindhoven, Nether-
lands) was used to define the particle size and morphology. Field emission scanning
electron microscope (FE-SEM) images were obtained using a TESCAN BRNO-Mira3 LMU
(TESCAN, Brno, Czech Republic), and energy dispersive X-ray analysis (EDX) was applied
along with FE-SEM to determine the elemental composition of synthesized nanoparticles.
XRD patterns were recorded to determine the crystalline nature of the centrifuged and
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dried CC-AuNPs using a x-rays diffractometer (X-PERT PRO, PANalytical, Almelo, The
netherlands) (26 = 10°-80°) with Cu Ko source (A = 1.5406 A°). FT-IR spectra were recorded
using an ATR FT-IR spectrometer (Cary 630, Agilent, Santa Clara, CA, USA) from 4000
to 650 cm~!. The size distribution of the CC-AuNPs was determined by DLS analysis
(dynamic light scattering). Thermogravimetric (TG) analysis and differential thermal anal-
ysis (DTA) was used to study the thermal properties of the CC-AuNPs in the range of
55-900 °C at a heating rate of 0.01-100 K/min on an autonomic TG/DTA (STA 503, BAHR,
Hiillhorst, Germany).

3.6. Cytotoxic Activity of CC-AuNPs on MCF-7 and AGS Cells

MCE-7 cells (human breast cancer cell line), AGS cells (human gastric cancer cell
line), and human embryonic kidney 293 cells (HEK cells) were cultured in RPMI-1640 and
maintained with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin solution.
Cultures were maintained at 37 °C, 5% CO; in a humid atmosphere [78].

Cell Maintenance and Culture Procedures

The MTT assay was used to determine cell viability. It is based on cellular dehydroge-
nases converting the dye MTT to formazan crystals, an insoluble intracellular product [79].
In addition, the cytotoxic effects of prepared nanoparticles on cellular proliferation was
assessed by the MTT assay. AGS, MCF-7, and HEK cells were maintained at 37 °C, 5%
CO; in a humidified incubator. The growth medium was removed after 24 h, and 100 uL
of different concentrations of CC-AuNPs (1, 10, 25, 50, and 100 pg/mL) was added to the
wells in triplicate with 10% FBS and antibiotics. Incubation was performed in the described
conditions. Nontreated control cells (negative control) were also maintained to compare
growth inhibition. After 24 h, the CC-AuNPs were removed from the wells, and 30 pL of
MTT (3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide) solution (5 mg/mL
in phosphate buffer saline (PBS)) was added to all wells (test and control) and incubated
for 4 h. Then, the supernatant was removed from the wells and mixed with 100 uL of
DMSO. Afterward, the 96 wells were incubated to solubilize formazan crystals (purple).
The absorbance values of the mixture were measured using Synergy H1 hybrid multi-model
microplate reader (Biotek Instruments, Winooski, Vermont, NE, USA) at 570 nm. The ex-
periment was conducted in triplicate. Data produced were applied to plot a dose-response
curve (log concentration vs response) using nonlinear regression with GraphPad Prism 8.0;
the concentration of CC-AuNPs to kill 50% of cells was determined as the half-maximum
inhibitory concentration (ICsg) [49]. The effect of the CC-AuNPs on cells proliferation was
defined as the % cell viability, which was calculated by Equation (1) [5,49]:

Cell viability (%) = (Mean Asample/Acontrol) x 100 1

3.7. Assaying the Minimum Inhibitory Concentration (MIC) and the Minimum Bactericidal
Concentration (MBC) of CC-AuNPs

The antibacterial activity of the prepared CC-AuNPs against some American Type Cul-
ture Collection (ATCC) bacteria was investigated: Enterococcus faecalis, Staphylococcus aureus
(gram-positive bacteria), Proteus mirabilis, Klebsiella pneumoniae, Pseudomonas aeruginosa,
Escherichia coli, and Acinetobacter baumannii (gram-negative bacteria). The MIC value of
CC-AuNPs was determined using the broth microdilution method in a 96-well microplate;
100 uL of Mueller-Hinton broth (MHB) medium was added to all wells, and then a serial
dilution of the CC-AuNPs was transferred to each well of the microplate except one well.
One hundred microliters of 0.5 McFarland turbidity standards from bacterial suspension
was added to each of the 96 wells, and incubated at 37 °C for 24 h. The MIC is defined
as the lowest concentration of the CC-AulNPs that entirely inhibits bacterial growth (no
visible growth) [80]. To assess the minimum bactericidal concentration (MBC), 10 pL was
sampled from the wells of 1 x MIC, 2 x MIC, 4 x MIC, and 8 x MIC, placed onto Mueller—
Hinton agar plates, and incubated at 37 °C for 24 h. The MBC is determined as the lowest
concentration of the CC-AuNPs that visibly inhibits bacterial growth on Mueller-Hinton
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agar [81]. The positive and the negative control were studied as pure bacterial suspensions
(without any NPs) and MHB (without any bacterial suspension), respectively. The reference
antibiotic was ciprofloxacin.

3.8. Antileishmanial Activity

The effect of biosynthesized CC-AuNPs was investigated to Leishmania major pro-
mastigotes. In the process, several concentrations of CC-AulNPs, from 212.5 to 6.64 ug/mL,
were used to evaluate the antileishmanial activity; 100 pL of CC-AuNPs was loaded to
each well of a 96-well plate and serially diluted with RPMI-1640 medium. Then, 100 pL of
medium with 1 x 10° promastigotes was added and incubated for 72 h at 24 °C. At that
time, MTT solution (2.5 mg/5 mL PBS) was introduced to each well, and incubation was
performed at 37 °C. Subsequently, the contents of each well were transferred to a microtube
and centrifuged at 3000 rpm for 5 min, and the precipitate was dissolved in isopropyl alco-
hol. The absorbance of the 96-well plate was measured using the ELISA reader “Synergy
H1 hybrid multi-model microplate reader (Biotek Instruments, Winooski, Vermont, NE,
USA” at 492 nm. Three untreated wells containing the parasites were defined as negative
controls. Amphotericin B was considered as the positive control. The experiment was
performed in triplicate [82].

3.9. Antifungal Activity

The broth microdilution method was applied to determine MIC value based on “M27-
A3 method from the Clinical and Laboratory Standards Institute (CLSI) formerly NCCLS”.
The tested strains included Candida albicans (IFRC1873), Candida albicans (IFRC1874), As-
pergillus fumigatus (IFRC1649), Aspergillus fumigatus (IFRC1505), Trichophyton mentagrophytes
(FR1_22130), Trichophyton mentagrophytes (FR5_22130), Fusarium proliferatum (IFRC1871),
and Fusarium equiseti (IFRC1872). Briefly, 100 pL of C@AuNPs was introduced to the
microplate wells, then 100 pL of RPMI medium was added and serially diluted. After
that, 100 pL of cell suspension was placed into each well. After 24 h (for C. albicans) and
48 h for other strains, visible growth was evaluated. Itraconazole was used as a reference
antibiotic [83].

3.10. DPPH Free Radical Scavenging

The antioxidant potential of CC-AuNPs was measured by DPPH free radical scav-
enging assay; one milliliter of diphenyl-1-picrylhydrazyl solution (DPPH) that contained
2 mg of DPPH dissolved in 50 mL MeOH was spared to the CC-AuNPs (3.31 to 53 ug/mL),
and incubated in the dark condition (15 min). Then, the absorbance values of the solution
were recorded by UV-Vis spectrophotometer at 517 nm. Butylated hydroxyanisole (BHA)
was the standard reference. All experiments were repeated three times. To calculate the
inhibition percentage, Equation (2) was used:

DPPH scavenging activity (%) = (Ac — As/Ac) x 100 )

Ac and As are defined as the absorbance value of the DPPH solution only and the ab-
sorbance of the CC-AuNDPs solution, respectively. A linear regression method was applied
to determine the IC5y value [5].

3.11. Catalytic Activity Assays

MO, MB, and 4-NP dyes were selected to assess the catalytic potential of synthesized
CC-AuNPs in the presence of NaBHj. In the process, 100, 120, and 150 pL of CC-AuNPs
(425 pg/mL) was added to the solution, containing MO solution (50 pL x 5 mM), 2 mL
H,0, and NaBH4 (100 puL. x 0.1 M) solution. For the MB degradation test, the various
concentrations of CC-AuNPs (150, 170, and 200 puL) were mixed with the solution, including
MB solution (30 uL. x 10 mM), 5.77 mL H,O, and NaBHy (200 uL. x 0.1 M) solution. In
the reduction of 4-nitrophenol (4-NP), prepared CC@AuNPs solution (10 and 15 pL) was
mixed with a solution containing 4-NP solution (100 pL x 2 mM) and 2 mL HyO mixed
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with NaBHy solution (100 uL x 0.1 M). The absorption spectra of the reaction mixture were
periodically determined using a UV-Vis spectrophotometer in the range of 200-800 nm.
When the reduction reaction order was known to be pseudo-first order, the reaction kinetics
were calculated using Equation (3):

In (At/A0) = —kt 3)

where k is considered as a first-order rate constant (min~1), t is defined as the reaction time,
and A0 and At indicate the absorbance of the mixture before and after dye degradation,
respectively.

3.12. Statistical Analysis

All the experiments were performed in triplicate. The GraphPad Prism 8.0 software
performed a one-way analysis of variance (ANOVA) followed by Tukey’s test; p < 0.05 was
considered statistically significant.

4. Conclusions

Gold nanoparticles were successfully prepared using C. caspius extract as a cost-
effective, eco-friendly, and accessible approach. The extract acts as a reducing and stabi-
lizing agent in the preparation of gold nanoparticles from gold ions. The formation of
AuNPs was confirmed by spectroscopic methods such as UV-Vis, DLS, EDX, TEM, FE-SEM,
FT-IR, and XRD. The CC-extract-mediated AuNPs at optimum conditions of temperature,
HAuCly, and extract concentration with a ruby red solution were formed at an SPR peak of
570 nm. The SEM and TEM images confirmed AuNPs with irregular shapes and an average
size of around 22.66 £ 1.67 nm. The biosynthesized AuNPs indicated effective catalytic
activity for degrading organic dyes and pollutants of MO, MB, and 4-NP. Based on the data
obtained from biological investigations, the CC-AuNPs had potential antioxidant activity
and exhibited moderate activity against several gram-positive and -negative bacteria. In
addition, CC-AuNPs rarely showed antifungal effects against tested strains, while they
displayed a higher antileishmanial effect than the positive control. They also showed
excellent anticancer activity against AGS and MCF-7 cells with the IC5y concentrations at
48.2 ug/mL and 51.76 ug/mL, respectively. Therefore, our synthesized gold nanoparticles
displayed various potential properties.
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