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Abstract

Background Nanostructured materials used have unique properties and many uses in nanotechnology. The most
striking of these is using herbal compounds for the green synthesis of nanoparticles. Among the nanoparticle

types used for green synthesis, gold nanoparticles (AuNPs) are used for cancer therapy due to their stable structure
and non-cytotoxic. Lung cancer is the most common and most dangerous cancer worldwide in terms of survival
and prognosis. In this study, Nasturtium officinale (L) extract (NO), which contains biomolecules with antioxidant

and anticancer effects, was used to biosynthesize AuNPs, and after their characterization, the effect of the green-syn-
thesized AuNPs against lung cancer was evaluated in vitro.

Methods Ultraviolet-visible (UV-Vis) spectrophotometry, scanning electron microscopy (SEM), transmission electron
microscopy (TEM), energy dispersive X-ray spectroscopy (EDS), multiple analysis platform (MAP), and Fourier trans-
form infrared (FT-IR) spectroscopy analyses were performed to characterize the AuNPs prepared from the N. officinale
plant extract. Moreover, the antioxidant activity, total phenolic and flavonoid contents and DNA interactions were
examined. Additionally, A549 lung cancer cells were treated with 2-48 ug/mL Nasturtium officinale gold nanopar-
ticles (NOAUNPs) for 24 and 48 h to determine the effects on cell viability. The toxicity of the synthesized NOAUNPs

to lung cancer cells was determined by the 3-(4,5-dimethylthiazol-2-il)-2,5-diphenyltetrazolium bromide (MTT) assay,
and the anticancer effect of the NOAUNPs was evaluated by apoptosis and cell cycle analyses using flow cytometry.

Results The average size of the NPs was 56.4 nm. The intensities of the Au peaks from EDS analysis indicated

that the AuNPs were synthesized successfully. Moreover, the in vitro antioxidant activities of the NO and NOAuUNPs
were evaluated; these materials gave values of 31.78+1.71% and 31.62 +0.46%, respectively, in the 1,1-diphe-
nyl-2-picrylhydrazyl (DPPH) assay at 200 g/mL and values of 25.89+1.90% and 33.81 +0.62%, respectively,

in the 2,2"-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) assay. The NO and NOAuUNPs gave values

0f 0.389+0.027 and 0.308 +0.005, respectively, in the ferrous ion reducing antioxidant capacity (FRAP) assay and val-
ues of 0.078£0.009 and 0.172+0.027, respectively, in the copper ion reducing antioxidant capacity (CUPRAC) assay.
When the DNA cleavage activities of NO and the NOAUNPs were evaluated via hydrolysis, both samples cleaved DNA
starting at a concentration of 25 g/mL in the cell culture analysis, while the nanoformulation of the NO components
gave greater therapeutic and anticancer effects. We determined that the Au nanoparticles were not toxic to A549
cells. Moreover, after treatment with the half-maximal inhibitory concentration (ICy), determined by the MTT assay
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of NOAuUNPs in in vitro studies of other types of cancer.

with A549 cells, we found that at 24 and 48 h, while the necrosis rates were high in cells treated with NO, the rates
of apoptosis were greater in cells treated with NOAUNPs. Notably, for anticancer treatment, activating apoptotic
pathways that do not cause inflammation is preferred. We believe that these results will pave the way for the use

Conclusion In this study, AuNPs were successfully synthesized from N. officinale extract. The biosynthesized

AuNPs exhibited toxicity to and apoptotic effects on A549 lung cancer cells. Based on these findings, we suggest
that green-synthesized AuNPs are promising new therapeutic agents for lung cancer treatment. However, since this
was an in vitro study, further research should be performed in in vivo lung cancer models to support our findings
and to explain the mechanism of action at the molecular level.

Keywords Nasturtium officinale (L.), Gold nanoparticles, Green synthesis, A549 cell line, Cytotoxic effect

Introduction

Plants have been used for both nutrition and as therapeu-
tic agents to treat health problems since ancient times.
In recent years, the WHO reports that over 80% of the
world’s population gets primary medical care from tra-
ditional medications, mostly plants [1, 2]. Plants are fre-
quently used to treat chronic medical conditions such as
breast cancer, liver disease, human immunodeficiency
virus (HIV) infection, asthma, and rheumatologic dis-
orders [3, 4]. Many epidemiological studies have shown
an inverse relationship between Cruciferae plant con-
sumption and the development of cancers such as lung,
breast, prostate, stomach, and colon/rectum cancer [5—
9]. The Cruciferae (Brassicaceae) family may reduce can-
cer risk by regulating biotransformation enzymes [10].
The Cruciferae family includes plants such as broccoli,
horseradish, cabbage, cauliflower, and watercress. These
plants contain high levels of glucosinolate components.
Glucosinolates are converted to isothiocyanates (ITCs)
nonenzymatically by physical means or enzymatically
by myrosinase during food preparation, cooking, and
chewing [11]. For example, gluconasturtiin in watercress
is hydrolyzed to phenethyl isothiocyanate (PEITC) [12].
Watercress, known by its botanical name Nasturtium
officinale (L.) is a fast-growing, aquatic, or semiaquatic
annual plant whose pharmacological activity has been
investigated in cancer studies. Watercress contains high
concentrations of glucosinolates; however, glucosinolates
are hydrolyzed to ITCs by myrosinase (thioglucoside glu-
cohydrolase; EC 3.2.3.1). Additionally, gluconasturtiin
(2-phenyl ethyl glucosinolate) is a member of the glucosi-
nolate class among the aliphatic and indole structures of
watercress components [13, 14]. Watercress is also high
in carotenoids such as carotene, lutein, and zeaxanthin,
in addition to flavonoid compounds, such as querce-
tin, kaempferol, and isorhamnetin [15]. Watercress is an
excellent source of vitamins and antioxidants. It contains
vitamins B1, B2, C, and A and folic acid, iodine, iron, pro-
tein, calcium, and sulfur compounds, particularly those
that contribute to its distinctive odor, which enhances

its nutritional value. Watercress is high in antioxidants
that protect against cell damage caused by free radicals,
which are harmful molecules that cause oxidative stress.
Chronic diseases such as diabetes, cancer, and cardiovas-
cular disease have all been linked to oxidative stress. In
addition, the anticancer potency of watercress has been
intensively studied by various groups and was shown to
be due to its high contents of (i) aliphatic, indolyl and
aromatic ITCs and (ii) various polyphenolic compounds
(e.g., quercetin-3-O-rutinoside, p-coumaric acid and
ferulic acid). Notably, Kyriakou et al. [16] reported that
watercress is an excellent source of PEITC (273.89 +0.88
ng/g dry extract), quercetin (1459.30+12.95 ng/g dry
extract) and kaempferol-3-O-rutinosides (257.54+2.31
ng/g dry extract).

The bioactivity of watercress (especially its bioac-
tive component PEITC) largely depends on absorption,
metabolism, distribution, and excretion by the human
body. Despite various cellular and animal models con-
firming the benefits watercress has against cancer, the
clinical utilization of watercress is still limited due to its
low solubility, stability, and bioavailability. To overcome
these drawbacks, scientists have recently developed nan-
odelivery technology, by which nanomaterials have been
employed as transport molecules to carry bioactive mole-
cules for therapeutic synergism in cancer treatment. Dif-
ferent types of nanodelivery systems have been developed
for this purpose. Metal nanoparticles are one of the main
nanodelivery systems used in cancer therapy [17]. The
rich bioactive components contained in aquatic plants
are often used in metal oxide synthesis due to their abil-
ity to oxidize metal particles. Plant extracts can reduce
metal nanoparticles after they interact with metal ions
[18]. Gold nanoparticles (AuNPs) are biomaterials that
are easily synthesized with sizes and shapes that can be
adjusted and surface functionalities that can be changed
by ligand binding. AuNPs are inert, biocompatible, and
nontoxic [19]. By modifying AuNPs, they can selectively
target certain cells and even to organelles within these
cells [20]. These properties have allowed AuNPs to be
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used as biosensors, drug delivery carriers, gene therapy
agents and theranostic agents. AuNPs, as some of the
most commonly used particles in nanotechnology, have
been used in various medical treatments for centuries
without harmful effects [21, 22]. The in vitro biological
activity of AuNPs obtained using the aqueous extract of
Rosa damascena were used toward the development of
plant-mediated chemistry. AuNPs are ultrasmall, stable,
and biocompatible with unique physicochemical proper-
ties, such as a large surface area-to-mass ratio and high
surface reactivity [23]. AuNPs can be considered drug
delivery systems due to their unique physicochemical
properties, biocompatibility, surface plasmon resonance
(SPR), optical properties, tunability and easy surface
modification and can be prepared in a wide range of sizes
(1-100 nm). AuNPs are commonly used as drug delivery
systems after surface modification with cationic polymers
or reactive functional groups (e.g., amine, thiol, or car-
boxyl groups). AuNPs are efficient nanocarriers for vari-
ous active substances, such as peptides, proteins, plasmid
DNAs (pDNAs), small interfering RNAs (siRNAs) and
chemotherapeutic agents [23-25]. Green synthesis
methods have also been developed as nanotechnology
advances. AuNPs can be synthesized in a green man-
ner using algae and plant extracts [26]. AuNPs have
been generated using a variety of plant extracts, includ-
ing those from Aloe vera, Trigonella foenum-graecum,
Citrus sinensis peels, Cinnamomum zeylanicum, Med-
icago sativa, Tamarind leaves, and Rosa rugosa [27-33].
Mobaraki et al. [34] used the N. officinale leaf extract as
a reducing and stabilizing agent, resulting in AuNPs with
an average size of 64 nm and dose-dependent 1,1-diphe-
nyl-2-picrylhydrazyl (DPPH) scavenging ability. AuNPs
given to male rats prevented testicular damage and may
provide a rational and potential source for a new chemo-
therapy drug conjugation system.

The aim of our study was to synthesize N. officinale
gold nanoparticles (NOAuNPs) with green synthe-
sis method and assess their cytotoxic, anticancer, and
apoptotic effects on a lung cancer cell line (A549). For
this purposes, the NOAuNPs were characterized by
ultraviolet-visible (UV-Vis) spectrophotometry, scan-
ning electron microscopy (SEM), transmission electron
microscopy (TEM), energy dispersive X-ray spectros-
copy (EDS), multiple analysis platform (MAP), and Fou-
rier transform infrared (FT-IR) spectroscopy analyses.
Moreover, the antioxidant activity, total phenol and flavo-
noid contents, and DNA interactions were investigated.
A real-time cell assay and 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) assays were
used to assess the toxic effects of the NOAuNPs to cancer
cells, and apoptosis and cell cycle analyses were used to
assess their anticancer effects.
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Materials and methods

Standards and reagents

1,1-Diphenyl-2-picrylhydrazyl (DPPH), 2,2’-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS), 2,4,6-tris(2-
pyridyl)-S-triazine (TPTZ), neocuproine, and tetrachloroauric
acid (HAuCl,.3H,0) were purchased from Sigma Aldrich,
USA. Folin—Ciocalteu phenol reagent, gallic acid, hydro-
chloric acid (HCI), ferric chloride hexahydrate (FeCl;.6H,0),
and ammonium acetate were purchased from Merck, Ger-
many. Quercetin was purchased from Carl ROTH, Ger-
many. Sodium acetate was purchased from Isolab Chemicals
(Germany). CuCl,.2H,0 was purchased from Carlo Erba,
Italy. Dulbecco’s modified Eagle’s medium (DMEM), 100 U/
ml penicillin and 100 g/ml streptomycin were obtained from
Gibco; L-glutamine was obtained from Sigma-Aldrich, USA;
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) assay kit and Annexin V-FITC/7AAD were
obtained from Elabscience, Texas, USA; and a cell cycle kit
was obtained from Invitrogen, Carlsbad, CA, USA.

Plant material and preparation of the Nasturtium officinale
extract

The plant leaf was collected near Gokkoy, Umurbey dis-
trict, Canakkale province, Turkey, from a fruit garden on
both sides of the Umurbey stream. The collected species
were identified by Prof. Dr. Ozlem YAYINTAS, a faculty
member of Canakkale Onsekiz Mart University Faculty
of Medicine, Department of Medical Biology and per-
sonal herbarium number T 1 (T: Tonguc). The N. offici-
nale plants were washed twice with distilled water and
allowed to dry. Ten grams of the plant sample was sub-
jected to extraction with 100 mL of methanol at 70 °C
for 1 h and then filtered through Whatman filter paper
(No. 1).

Synthesis of gold nanoparticles (AuNPs) using Nasturtium
officinale (L.) extract

At room temperature, 90 mL of 1 mM tetrachloroauric
acid (HAuCl,.3H,0) and 10 mL of the methanolic plant
extract were mixed. After discoloration, the solution
was centrifuged for 30 min at 7500 rpm. Washing with
ultrapure water was performed twice at 7500 rpm. The
pellet was dried in an oven at 60 °C.

Characterization of green-synthesized gold nanoparticles
(AuNPs)

The AuNPs synthesized via the green method were charac-
terized using SEM, TEM, EDS, MAP, FT-IR and UV-Vis to
determine their physical characteristics [35]. The UV-visi-
ble (UV-Vis) spectrum of the NPs was acquired by employ-
ing a T80+ UV/VIS Spectrometer (PG Instruments Ltd.,
UK.) in the range of 200-500 nm. The functional groups
found in the extract and synthesized AuNPs were identified
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by scanning on a Fourier transform infrared spectropho-
tometer (Perkin Elmer BX II FT spectrometer, Massachu-
setts, U.S.) in the range of 400—4000 cm™'. Morphological
examination of the synthesized AuNPs was carried out
using SEM (JEOL JSM5600, Japan), and quantitative ele-
mental analysis of the synthesized AuNPs was performed
via EDS and MAP.

Determination of the total flavonoid content

The total flavonoid content of the extract was determined
according to the method described by Matejic¢ et al. [36].
Quercetin was used as the standard in this study. The
absorbance value of the mixture kept at room tempera-
ture for 40 min was measured at 415 nm with a spectro-
photometer. The total amount of flavonoids contained in
the extract is presented as milligrams of quercetin equiv-
alents (QE) per gram of extract (mg QE/g).

Determination of the total phenolic content

The total phenolic content of the extract was determined
using Folin—Ciocalteu reagent, as described by Slinkard
and Singleton [37]. The standard phenolic compound
was gallic acid (GA). The absorbance values of the pre-
pared samples were measured with a spectrophotometer
at 760 nm and recorded. Each experiment was repeated
three times, and the results were averaged. The total phe-
nolic content of the plant is presented as milligrams of
gallic acid equivalents per gram of extract (mg GAE/g).

Antioxidant activity

DPPH radical scavenging activity

The free radical scavenging activities of the synthesized
NOAuNPs and NO were determined by the 1,1-diphenyl-
2-picrylhydrazyl (DPPH) method [38]. Different concen-
trations of the NO and NOAuNP samples were added to
spectrophotometry cuvettes, mixed with DPPH solution
and incubated in the dark for 30 min at room tempera-
ture, after which their absorbance values were measured
at 517 nm in the dark 3 times. Butylated hydroxytoluene
(BHT) was used as the standard. The measured absorb-
ance values were substituted into Eq. 1 below to calculate
percent inhibition:

% Inhibition = [(AbScontrol — AbSsample) /Abscontrot] X 100

(1)
sample i the absorbance of the sample and
is the absorbance of the blank solution.

where Abs
Abscontrol
ABTS method

The radical scavenging capacities of the NOAuNPs and
NO were determined using the ABTS [2,2’-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid)] cation radical
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scavenging method [39]. ABTS reagent (7 mM ABTS
and 2.45 mM potassium persulfate) was applied to the
NOAuNP and NO samples prepared at various concen-
trations. Then, the absorbance of the blue/green ABTS
reagent at 734 nm was adjusted to 0.7 using an ethanol-
water (60%-40%) mixture. The ABTS reagent was incu-
bated with the samples for 6 min at room temperature.
The absorbance values of the samples were then meas-
ured at 734 nm against the blank. The formula in Eq. 1
was used to calculate the % ABTS radical scavenging
inhibition from the measured values.

Ferrous ion reducing antioxidant capacity (FRAP) method
The FRAP test was performed according to the method
of Benzie and Strain [40]. The samples were incubated
in the dark for 30 min after the FRAP reagent (0.3 M
sodium acetate, 10 mM 2,4,6-tris(2-pyridyl)-S-triazine
(TPTZ), and 20 mM FeCl,; 10:1:1) was added. After incu-
bation in the dark, the absorbance values of the samples
were measured at 593 nm. BHT was used as a positive
control, and each experiment was repeated three times.

Copper ion reducing antioxidant capacity (CUPRAC) method
The antioxidant capacities of the synthesized nanopar-
ticles and extract were determined by the copper ion
reducing antioxidant capacity (CUPRAC) method. First,
10 mM CuCl, (250 pL), 7.5 mM neocuproine (250 pL)
and 1 M ammonium acetate (250 pL) were added to the
NO and NOAuNP samples, which ranged in concentra-
tion from 6.25-200 pg/mL. After the total volume of
each sample was adjusted to 1000 pL, and the absorbance
values of the solutions were measured at 450 nm [41].

Nanoparticle (NP) interactions with DNA

For DNA fragmentation studies, pBR322 plasmid DNA
(90% supercoiled) was used. When the original super-
coiled form (Form I) of plasmid DNA was damaged,
it opened to generate a circular form (Form II), after
which a linear form (Form III) can also be identified due
to further breakage. During gel electrophoresis, Form
I moved the fastest, Form II moved the slowest, with
Form III appearing between Form I and Form II. To
examine hydrolytic activity, plasmid pBR322 DNA was
treated with the samples in Tris—HCI buffer (10 mm, pH
7.4), and to investigate oxidative activity, the inducing
agent hydrogen peroxide (H,0,) was added to the DNA,
buffer, and sample mixture. The prepared samples were
incubated in an incubator at 37 °C for 3 h before adding
6xloading dye and subjection to gel electrophoresis for
90 min at 60 V in a 0.8% agarose gel with 1 X TAE buffer
(40 mM Tris-20 mM acetic acid, 1 mM EDTA, pH 8.2).
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The bands were then photographed under UV light using
a gel imaging system (DNR, Bio-Imaging system).

In vitro cytotoxicity and anticancer effect

A549 cell culture

The lung cancer cell line A549 (ATCC CRM-CCL-185")
was purchased commercially and stored in a liquid nitro-
gen tank for long-term use. A549 cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) (Gibco)
supplemented with 10% heat-inactivated fetal bovine
serum (FBS) (Serox), 100 U/ml penicillin, 100 g/ml
streptomycin (Gibco), and 2 mM L-glutamine (Sigma-
Aldrich). The cells were incubated in a 5% CO, atmos-
phere at 37 °C [42].

Preparation of materials for in vitro cytotoxicity assessments
N. officinale extract, AuNPs and NOAuNPs were weighed
on a precision balance and dissolved in DMSO. The sam-
ples were kept in a sonicator in the dark for 10 min, and
after ensuring complete dissolution, the dose needed for
the study was calculated.

Cell counting via the trypan blue method

Trypan blue was used to distinguish between live and
dead cells and to determine how many live cells should be
seeded for further research. Trypan blue was mixed with
the cell suspension in an Eppendorf tube at a 1:1 ratio,
and 10 pL of the mixed sample was added dropwise to
a Neubauer slide. The cells were counted under a micro-
scope after being covered with a coverslip. The formula
for calculating the cell number was the mean of counted
squares X DF (dilution factor) x 10%,

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) cell proliferation assay

An MTT assay kit (Elabscience) was used to investi-
gate cell viability. MTT is 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide, which is reduced in
the mitochondria by certain dehydrogenases to form the
dark purple crystalline product formazan.

A total of 5x10% cells were seeded in each well of
a 96-well plate in a volume of 100 pL. The cells were
allowed to attach for 24 h. After 24 h, the media in the
wells was removed and discarded. NO, AuNPs and
NOAuNPs were tested at concentrations of 2, 4, 8, 16, 24,
and 48 pg/mL. The half-maximal inhibitory concentra-
tion (ICy,) was determined after 24 and 48 h [42].

Since a 5 X reagent concentration was used in the MTT
assay, here, the reagent was diluted to 1xin MTT dilu-
tion buffer. To do so, 100 pL of 5XMTT was added to
400 pL of MTT dilution buffer. Then, 50 puL of 1XMTT
solution was added to each well, and the plates were
incubated for 4 h. At the end of the incubation, the
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supernatant was removed from each well and discarded.
Then, 100 uL of DMSO was added to each well to dissolve
the formazan, and the plate was shaken in the reader for
10 min. At the end of the incubation, the absorbance at
570 nm was measured with an ELISA reader (BioTek
Instruments). The cell viability of the experimental group
was compared to that of the control group by assuming
100% cell viability in the control group [42]. The formula
in Eq. 2 was used for calculation:

Absorbance of the experimental well

Cell viability (%) = x 100

(2)

Average absorbance of the control well

Determination of the in vitro anticancer effects

Apoptosis analysis by flow cytometry

A total of 2.5x10° cells were cultured in each well of a
6-well plate to determine anticancer activity. The IC;, val-
ues of NO and NOAuNP were calculated, and then NO
and the NOAuNPs were added to the appropriate wells
for 24 and 48 h of incubation. Furthermore, cells were
left untreated in the control group (only the medium was
refreshed). A cell scraper was used to collect cells from
the wells, which were then washed twice with cold PBS
and subjected to Annexin V-FITC/7AAD (Elabscience)
double staining according to the manufacturer’s instruc-
tions. Apoptosis was analyzed using a Beckman DxFLEX
flow cytometer with CytExpert Software (Beckman Coul-
ter Life Sciences) [43].

Cell cycle analysis by flow cytometry

Cell cycle analysis was carried out according to the
instructions of a commercially purchased kit (Invitro-
gen). Powdered propidium iodide was diluted to 1 mg/
mL (1.5 mM) with deionized water to generate a stock
solution, which was diluted 1:500 with staining buffer
(100 mM Tris, pH 7.4, 150 mM NaCl, 1 mM CacCl,, 0.5
mM MgCl,, 0.1% Nonidet P-40) to generate the dilution
solution.

A549 cells were seeded in 6-well plates at a density of
2.5%10° cells per well. The medium was removed from
the wells after 24 h. The wells were given the IC;, dose
of the appropriate material for 24 or 48 h of incubation.
The cells from the untreated control and treatment wells
(NO and NOAuNPs) were then collected in flow cytom-
etry tubes using a cell scraper and washed with 1 mL of
PBS. In a cold environment, 4 mL of 96-100% ethanol
was added, and each mixture was incubated at -20 °C for
15 min. Then, the supernatant was removed by centrifu-
gation. After 15 min of standing at room temperature, 5
mL of PBS was added to each cell pellet. The tubes were
centrifuged at the end of the incubation period to remove
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Fig. 1 Color change transformation during extract synthesis. A NO, B HAuCl,.3H,0, and C NOAuUNPs

the supernatant. Each tube then received 1 mL of PI
staining buffer and was gently vortexed, followed by anal-
yses by DxFLEX flow cytometry and CytExpert software.

In silico analysis

Drug likeness and absorption, distribution, metabolism,
excretion, and toxicity (ADMET) analysis

According to various studies, PEITC can effectively target
a wide spectrum of cancer-related proteins. PEITC was
included in our ADMET and docking analyses. PEITC was
subjected to drug likeness tests by checking for Lipinski’s
rule of five (Ro5) violations [44—47]. For ADMET predic-
tions, the SwissADME (http://www.swissadme.ch (accessed
on 15 January 2023) [35] and pkCSM (https://biosig.lab.ug.
edu.au/pkesm/(accessed on 15 January 2023) servers were
used [48, 49]. First, the molecular simplified molecular
input line entry system (SMILES) structure of PEITC was
downloaded from PubChem (http://pubchem.ncbi.nlm.
nih.gov/) (accessed on 15 January 2023). The downloaded
SMILES structure was then uploaded to the servers. The
physicochemical and ADMET properties of PEITC were
evaluated using the standard program parameters.

Docking analysis

Our investigation evaluated the effects of PEITC from
in N. officinale on cytochrome P450 enzymes (CYP450s)
and tubulin in terms of cancer mechanisms. Follow-
ing protein structure selection guidelines [50], protein
structures were downloaded from the Protein Data Bank
(PDB) (Table 4) to determine the impact of the pharma-
cological profile of the cocrystallized ligand on docking
performance. To identify the best docking protocol for
PEITC predictions, we used the dataset accompanying
the access software program UCSF Chimera (https://
www.cgl.ucsf.edu/chimera/ (accessed on 15 January
2023)) on the PDB structures. Visualization of the results
was performed using the Discovery Studio program

¥

(https://discover.3ds.com/discovery-studio-visualizer-
download (accessed on 15 January 2023)).

Statistical analysis

GraphPad Prism 21 was used to analyze all the cell via-
bility and cell cycle data. Analyses were performed three
times, and the means and standard deviations of the
results were calculated. One-way ANOVA was used to
determine the significance of the differences between
groups. The significance level was set at p <0.05.

Results

Characterization of the N. officinale gold nanoparticles
(NOAuUNPs)

Morphological observations

The formation of gold nanoparticles was evident when
the color of the extract changed from green to violet-
purple (Fig. 1).

Scanning electron microscopy (sem) and transmission
electron microscopy (TEM) analyses

According to the SEM images, the average size of the
NPs was 56.4 nm (Fig. 2A). Because some small particles
overlapped, large NPs can be observed due to clustering.
TEM analysis confirmed the presence of spherical nano-
particles (Fig. 2B).

Energy dispersive X-ray spectroscopy (EDS) and multiple
analysis platform (MAP) analysis

The intensity of the EDS Au peaks indicates that the syn-
thesis of the Au nanoparticles was successful (Fig. 3A). Ele-
ments such as C and O in the green-synthesized NOAuNPs
using N. officinale may be derived from the plant or the
water used during synthesis. MAP analysis of the nanopar-
ticles revealed that Au accounted for 71.84% of the material
weight (Table 1). Figure 3B shows the density of Au.
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Fig. 2 Morphological observations. A SEM image of the NOAuNPs. B TEM image of the NOAuNPs



Yayintas et al. BMC Complementary Medicine and Therapies (2024) 24:346

Page 8 of 22

(=]

cps/eV
&

N

Illlllllllllllllllllllllllllllllllll

o

0 2 - 6

= Spectrum 2
IEEEREN
L L

o NEEEERER

Weight % 80

EDS Layered Image 1

Fig. 3 EDS and MAP analyses of the NOAuUNPs. A EDS and B MAP



Yayintas et al. BMC Complementary Medicine and Therapies

Table 1 EDS analysis of the NOAUNPs

Element Weight (%) Weight
(%)
Sigma

C 22.37 1.98

(o] 5.79 0.86

Au 71.84 227

Total 100.00

Fourier transform infrared (FT-IR) spectroscopy and UV—
visible (UV-Vis) spectroscopy

N. officinale contains alkaloids, flavonoids, saponins,
terpenoids/steroids, proteins, volatile and essential oils,
glycosides, tannins, folic acid, vitamins, and various
elements according to chemical analysis. According to
the FTIR spectrum of N. officinale, the peaks observed
at 3853, 3744, 3444, and 3262 cm™! were attributed to
the vibrations of the OH, NH,, NH and COOH groups
in the alkaloids, tannins, folic acid, and vitamins in the
plant. The vibrations observed at 2960 and 2922 cm™*
in the spectrum were assigned to the methyl groups of
alkaloids. The strong vibration at 1739 cm™! was due to
the ketone groups (C=0) in the flavonoids, saponins,
terpenoids/steroids, and glycosides. The vibration at
1698 cm™! was attributed to the tannins, folic acid and
vitamins containing acidic COOH groups. The strong
vibration observed at 1646 cm™! in the FT-IR spectrum
were assigned to the C=N groups in glycosides. In all
the samples, the peak at 1556 cm™' was attributed to
C=C vibrations, and the peak at 1458 cm™' was attrib-
uted to C-N vibrations. C-O and C-O-C vibrations
were observed at 1397, 1173, 1113, and 1047 cm™
(Fig. 4A).

According to the FTIR spectrum of the NOAuNPs,
the peaks at 3853, 3262, 2922, and 1740 cm ™! remained
unchanged and very similar, but the peak at 1698 cm™*
was not observed in the spectrum of N. officinale.
This indicates that the COOH groups in NO reduced
the gold to form NOAuNPs, while the COOH groups
were oxidized to CO,. The C=N vibrations from gly-
cosides were observed at 1640 cm™! in the spectrum.
This demonstrates that the C=N bonds remain stable
throughout the reduction event. C=C, C-N, C-O, and
C-0O-C vibrations were detected in the FTIR spectrum
of the AuNPs at 1560, 1517, 1458, and 1398 cm™! and
at 1165, 1112, and 1051 cm™!, respectively (Fig. 4A).
As a result, it can be concluded from the FTIR analysis
that the NOAuNPs had formed, the gold was reduced,
and the COOH groups in NO were oxidized. A maxi-
mum absorbance peak at 382 nm (value of 1.646) was
obtained from UV-Vis analysis of the synthesized
NOAuNTPs (Fig. 4B).
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Total flavonoid/phenolic contents and analysis

of antioxidant activity

The total flavonoid content of the methanol extract was
determined to be 6.81 mg QE/g, and the total phenolic
content was determined to be 4.32 mg GAE/g.

The antioxidant activities of the NOAuNPs and NO
were investigated by determining their 1,1-diphenyl-2-pic-
rylhydrazyl (DPPH), radical scavenging activity, 2,2’-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), cation
radical scavenging activity, ferrous ion reducing antioxi-
dant capacity (FRAP), and copper ion reducing antioxi-
dant capacity (CUPRAC).

The results revealed that compared with the extract,
the NOAuNPs had greater antioxidant activity. When the
DPPH free radical scavenging activities of the extract and
NOAuNPs were evaluated, the highest inhibition values
were 31.78 £1.71% and 31.62 + 0.46%, respectively, at 200
g/mL (Fig. 5A). When the ABTS cation radical scaveng-
ing activities of the extract and NOAuNPs were tested,
the % inhibition values at the highest concentration (200
g/mL) were 25.89+1.90 and 33.81+0.62, respectively
(Fig. 5B).

In the FRAP activity assays, the highest absorbance
values for the extract and NOAuNP were 0.389+0.027
and 0.308+0.005, respectively, at a concentration of
200 pg/mL (Fig. 6A). In the CUPRAC assay, the highest
absorbance values for the extract and NOAuNPs were
0.078 £0.009 and 0.172 +0.027, respectively (Fig. 6B).

Interactions of NO and the NOAuNPs with DNA

When the DNA cleavage activity of NO and the
NOAuNPs was evaluated by hydrolysis, it was discovered
that both samples cleaved DNA starting at a concentra-
tion of 25 pg/mL. When the samples were tested under
oxidative conditions, both were found to cleave DNA in
the presence of H,O, (Fig. 7).

Cell viability test
A549 cells were treated with the NO, AuNP and the
NOAuNPs at the indicated doses for 24 h. At concentra-
tions from 2 pg/mL to 48 pg/mL, AuNP had little effect
on cell viability; even at the highest dose of 48 pg/mL,
approximately 85% cell viability was observed after 24 h.
A549 cells treated with NO extract alone showed a dose-
dependent decrease in cell viability, with 74% viability
after treatment with 48 pg/mL for 24 h, while the A549
cells treated with the NOAuNPs showed a decrease in
cell viability (below 50%) after 24 h at the highest dose of
48 pg/mL (Fig. 8A).

A549 cells were treated with the same doses of the
NOAuNPs, NO and Au, and the cell viability after 48 h
was evaluated. The NOAuNPs decreased the viability
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of A549 cells in a dose-dependent manner, and 43% of
the cells were viable at the highest dose of 48 pug/mL.
At the highest dose of NO alone, A549 cell viability
was 76%. When the effect of AuNP on cell viability was
assessed after 48 h, it was discovered that there was
an extremely low cytotoxicity, and cell viability was
approximately 104%, even at the highest dose (Fig. 8B).

Our results at 24 and 48 h showed that the Au nan-
oparticles applied at various doses were not toxic to
A549 cells, and compared with the results after the
NO extract was applied directly to the cells, NOAuNPs
reduced the viability of the A549 cells. This dem-
onstrated that when the NO was combined with Au
nanoparticles, it killed nearly half of the cells in a dose-
dependent manner. The ICy, values of the NOAuNPs
were determined to be 39.84 pg/mL after 24 h and
25.05 pg/mL after 48 h using the program GraphPad
(Fig. 9).

Anticancer effects

Apoptosis analysis by flow cytometry

Phosphatidylserine (PS) on the cytoplasmic surface
of the cell membrane in living cells translocates to the
extracytoplasmic surface of cells undergoing apoptosis.
FITC-labeled Annexin V binds to PS on the outer mem-
brane to reveal apoptotic cells. 7-AAD binds to G-C-rich
regions of DNA via intercalation. After disruption of
the cell membrane and integrity loss, 7-AAD enters late
apoptotic and necrotic cells, respectively, and stains their
DNA. Cells in various stages of apoptosis and necrotic
cells are distinguished when 7-AAD is used in conjunc-
tion with Annexin V.

Annexin V-FITC/7-AAD staining was applied to
untreated (control) A549 cells and A549 cells treated
with NOAuNPs and NO. The results were determined by
counting 10.000 cells via flow cytometry. The apoptosis
inhibition effects after treatment with the IC, dose were
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Fig. 7 DNA cleavage activity of A NO and B NOAuUNPs: 1-6 hydrolytic DNA cleavage activity and 7-12 oxidative DNA cleavage activity. 1. pBR322
DNA, 2. DNA+6.25 pg/mL, 3. DNA+12.5 pg/mL, 4. DNA+25 pg/mL, 5. DNA+50 pg/mL, 6. DNA+100 ug/mL. 7. DNA+H,0,, 8. DNA+6.25 ug/
mL+H,0,, 9.DNA+12.5 ug/mL+H,0,, 10. DNA+25 ug/mL+H,0,, 11. DNA+50 pg/mL+H,0,, 12. DNA+100 pg/mL+H,0,

analyzed by flow cytometry. The Annexin V-FITC/7-
AAD staining results of the cells after 24 and 48 h are
shown in Fig. 10A and B, respectively.

Figure 10A shows the results after treatment with the
IC;5, doses and the results from the untreated control
group after 24 h. In the first panel, FS/SS dot plot analysis
of the A549 cells in the control group is shown in terms
of size and granularity. The cells within gate P1 are A549
cells. The percentages of early apoptotic, late apoptotic,
and necrotic cells in the P1 gate are shown in the sec-
ond panel. These cells were not exposed to any reagents,
and the viability rate was 99.81% (lower left, LL). In this
group, 0.19% of the cells appeared to have undergone

necrosis (upper left, UL). The third panel shows the per-
centages of early apoptotic (lower right, LR), late apop-
totic (upper right, UR) and necrotic A549 cells treated
with NOAuNPs. In this group, the P1 gate covering the
A549 cells was drawn in the FS/SS dot plot (not shown
here), and the cells covered by the P1 gate were evaluated
in the third panel. In contrast, 42.92% of the cells treated
with the NOAuNPs were viable, 2.54% had undergone
early apoptosis, 28.43% had undergone late apopto-
sis, and 26.12% had undergone necrosis. The apoptotic
results of the cells treated with NO are shown in the
fourth panel. The FS/SS analysis of the A549 cells treated
with the NO extract is not shown in Fig. 10A. However,
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21.82% of the cells treated with NO were viable, 1.60%
had undergone early apoptosis, 27.52% had undergone
late apoptosis, and 49.07% had undergone necrosis.
Figure 10B shows the results of the cells treated at the
dose of 48 pg/ml and the untreated control cells after 48
h. The apoptotic control cells in gate P1 in the first panel
are shown in the second panel, with a viability rate of

B
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99.81% (LL). The results of FS-SS analysis after treatment
with the NOAuNPs and NO for 48 h are not shown in
Fig. 10B. In contrast, 42.06% of the cells treated with the
NOAuNPs were viable, 2.48% underwent early apoptosis,
28.89% underwent late apoptosis, and 26.58% underwent
necrosis. The apoptosis rates of cells treated with NO are
shown in the fourth panel. Overall, 21.20% of the cells
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Fig. 10 Annexin FITC/7-AAD staining of A-549 cells at 24 (A) and 48 (B) hours. Figure 10A and B first show the FS/SS dot blot analysis, specifically
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in this group were alive, 1.55% were in early apoptosis,
26.97% were in late apoptosis, and 50.27% were necrotic.

As shown in Fig. 10, the percentages of apoptotic A549
cells treated with the IC;, doses for 24 and 48 h were very
similar. However, the number of cells undergoing apopto-
sis was high in the NOAuNP group at both time points.
In the NO extract group, the number of necrotic cells
was high.

Cell cycle analysis by flow cytometry
After staining with propidium iodide (PI), the cell cycle
distribution was analyzed in all groups. Flow cytometry
was used to examine 10.000 cells from each treatment
group. The cell counts in the GO/G1, S, and G2-M stages
are expressed as percentages (%). Figure 11 shows the
A549 cell cycle flow cytometry results at 24 and 48 h.
Figure 11 shows the percentages of cells in various stages
of the cell cycle 24 (A) and 48 (B) hours after treatment
with the IC,, of the NOAuNPs and NO or those receiv-
ing no treatment. In general, the percentage of cells in the
GO-G1 stage was greater in all groups at 48 h than at 24 h.
Notably, the number of cells in G2-M phase
decreased very slightly in the NOAuNP and NO groups
after 24 h (Fig. 12A) and 48 h (Fig. 12B). We believe
this is because the NOAuNPs and NO arrested the cell

Fig. 11 Cell cycle analysis by flow cytometry after 24 and 48 h
in the control, NOAuNP-treated and NO-treated groups: A 24 h and B
48h

cycle at G1-GO or S phase. When we compare the per-
centage of cells in G1-GO+S phase to the percentage
of cells in G2-M phase (Table 2), we can see that arrest
was greatest in the NOAuNP group.

We believe that the above data are the result of the
added NOAuNPs and NO extract that arrest the cell
cycle in the G1-GO or S phase. When we compare
the number of cells in G1-GO+ S phase to the number
of cells in G2-M phase (Table 2), we can see that this
arrest was the greatest in the NOAuNP group.
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Table 2 Comparison of the GO-G1 +S cell/G2-M cell ratio in the
control, NOAuNP-treated and NO-treated A549 cells

Group Control NOAuUNPs NO P
24h GO-G1+5S 248 3.49 3.20 0.0002
(%)/G2-M (%)
48 h GO-G1+S (%)/ 5.36 6.31 5.94
G2-M (%)
p<0.001
In silico analysis

The in-silico results for the molecule PEITC, which has
been shown to be abundant in plants in the literature, are
shown in Table 3. The SwissADME and pkCSM servers
were used for ADMET predictions of the highly bioac-
tive substance PEITC. Table 3 displays the findings of the
analysis.

The ADMET properties of PEITC were analyzed using
SwissADME and pkCSM. PEITC met Lipinski’s Ro5

physicochemical criteria, including MA <500 g/mol,
H-donor <5, H-acceptor < 10, rotatable bonds 10, MLog
P<5,and TPSA <140 A% PEITC also had moderate bioa-
vailability. Table 3 shows that PEITC has high GI absorp-
tion. Considering the lipid solubility of the molecule,
PEITC has an elevated mLogP, indicating a propensity
for lipolysis. Table 3 shows that PEITC can easily cross
the BBB. Furthermore, PEITC was neither a cytochrome
P450 substrate nor an inhibitor. From the ProTox II web
application, PEITC had no toxic effects. Figures 13, 14
and 15 and Table 4 show the docking of the molecule
to the enzyme cytochrome P450 and the protein Beta
Tubulin.

Discussion

The ability of nanosized materials to exhibit certain phys-
icochemical properties has led to scientific and techno-
logical innovations. Nanomaterials can be synthesized
with a variety of metals, but silver and gold are among the
most extensively researched. Gold nanoparticles are used

Table 3 The physicochemical and absorption, distribution, metabolism, excretion, and toxicity (ADMET) properties of phenethyl

isothiocyanate (PEITC)
Molecule Physicochemical Properties Drug-likeness
(Yes/No)

Molecular Mw TPSA H-Donor H-Acceptor Rotatable MLOGP ESOL (Log S)

Formula (g/mol) (A% Bonds (Log Pyctanotiwater)
PEITC CY9HONS 163.24 4445 0 1 3 3.59 —-324 Yes
ADMET
Molecule Gl absorption BBB Perm P-gp substrate P450 P450 Carcinogenicity/ Bioavailability

(Yes/No) Substrate  Inhibitor = Ames Toxicity
(Yes/No) (Yes/No)  (Yes/No)

PEITC High Yes No No No No/No 0.55

PEITC Phenethyl isothiocyanate, MW Molecular weight (g/mol), TPSA Topological polar surface area (A%), H-donor number of H-bond donors, H-acceptor number of
H-bond acceptors, MLOGP Moriguchi octanol-water partition coefficient (Log Poctanol/water), ESOL Estimated water solubility (Log S), GI Absorption gastrointestinal
absorption, BBB Perm. blood-brain barrier permeability, P-gp P-glycoprotein, P450 cytochrome P450 enzyme
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Fig. 13 Interactions between cytochrome P450 enzymes and phenethyl isothiocyanate (PEITC): A CYPTA2 and B CYP2C9

in a variety of fields beyond sensor production, includ-
ing medicine, disease treatment, food, biomedicine, and
textiles [51]. The emergence of different shapes and sizes
of gold nanoparticles, the fact that they can be character-
ized using various methods, their low toxicity, and their
biological compatibility are why they are preferred in
current research [52]. In our study, spherical nanoparti-
cles with a size of approximately 56.4 nm were developed,
and their shape is consistent with the literature [53, 54].
The primary goal of analyzing he antioxidant activ-
ity of extracts and nanoparticles is to determine their
ability to reduce damage caused by the free radicals
produced via metabolism and various diseases. An
increase in the percent inhibition of DPPH free radi-
cal scavenging activity indicates that a sample could
have a high antioxidant capacity. Other studies with
N. officinale have shown that the DPPH activity of the
plant’s methanolic extract is lower than that of the
positive control [55]. Amiri [56] evaluated the anti-
oxidant activity of the N. officinale methanolic extract
and its essential oil using the DPPH test. The extract
was found to have greater antioxidant activity than the
essential oil but lower antioxidant activity than BHT,
which was used as a positive control [56]. In another
study, the antioxidant activities of various N. offici-
nale organic solvent extracts were investigated using
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the DPPH test, and the methanolic extract had greater
antioxidant activity than the ethyl acetate and hexane
extracts did [57]. Our study showed that NO inhibited
DPPH by 31.78+1.71%. According to the Ercan and
Dogru study [58], the percentage of DPPH free radical
inhibition by the N. officinale methanol extract (40 pg/
ml) was 16.56%. Both of these results reported in the
literature [55—58] and our analysis indicate that water-
cress is a free radical inhibitor and antioxidant that
reacts with free radicals. The synthesized AuNPs had
an inhibitory effect of 31.62+0.46%, indicating that
they do not affect the antioxidant activity of the plant
during synthesis; previous ABTS studies have indicated
that the percentage of N. officinale inhibition increases
with the concentration [58, 59]. In a study using aque-
ous and methanol extracts of N. officinale, antioxidant
activity was determined using DPPH, ABTS, CUPRAC,
and FRAP assays. The results showed that the metha-
nolic extract of N. officinale had greater antioxidant
activity than the aqueous extract. Our study showed
that this plant inhibited ABTS activity by 25.89 +1.90%,
which is consistent with previous research. At the high-
est concentration of 200 pg/mL, the NOAuNPs showed
33.81£0.62% inhibition, indicating superior ABTS
cation scavenging activity compared to that of the
plant. This may be due to the variable physicochemical



Yayintas et al. BMC Complementary Medicine and Therapies

(2024) 24:346

Page 17 of 22

ILE
A:19
VAL
A:22
ILE
ILE -
Al4 %Y
| LEU
A:&§7 X A:360
. PHE
N A4l
A:190
GLY
A:42
=l i
= v [ o
HIS
Ad34 A MR
A4S S58
i N A3o8
AR
4o X35
£
TRP. :
n:273 nam oM
= vo.um Wosn R
| R
wly s e m 4

Fig. 14 Interactions between cytochrome P450 enzymes and phenethyl isothiocyanate (PEITC): A CYP2C19 and B CYP2D6

properties of gold nanoparticles with different shapes
and sizes. Previous studies evaluating FRAP and
CUPRAC indicate that this plant has iron- and copper-
reducing activities [58, 60]. Devendrapandi et al. [61]
also reported that gold nanoparticles synthesized from
Aegle marmelos fruits had anticancer effects on lung
cancer cells (A549).

N. officinale, a perennial aquatic plant, has anticancer
properties due to its bioactive components such as phe-
nolics and flavonoids. Previous studies have reported that
the total phenolic content in watercress is greater in the
vegetative period, the total flavonoid content is greater in
the productive period, and that plants grown in high-alti-
tude regions also contain more flavonoids and phenolic
compounds [62]. In our study, the amount of flavonoids
was also greater than that of phenolics. The flavonoid
compounds isolated from the leaves and flowers of N.
officinale have been shown to have anticancer effects on
breast cancer cells (T47D) and colon cancer cells (HT-
29) [63]. N. officinale is well known as an antioxidant-rich

source of PEITC. PEITC has been reported to be a chem-
opreventive agent against prostate, breast, lung, and liver
cancer and leukemia [16].

In silico analysis of PEITC from NO revealed that this
molecule has high drug-likeness and weakly interacts
with the cytochrome P450 enzymes involved in the bio-
transformation of many drugs. This may reduce the risk
of drug-drug interactions that may occur due to the
pharmacokinetic properties of drugs and may contribute
to great benefits of plant extract-based drug treatment.
When examining the drug-likeness of and the ADMET
predictions for PEITC, it was observed that this mol-
ecule exhibited drug-likeness (Table 3). Predictive mod-
els offer advantages, such as throughput and the ability
to work with virtual structures, and many promising
methods have been published [64]. In the literature, it has
been reported that NO contains an acceptable amount of
PEITC. Considering both the literature on the efficacy of
PEITC and the in-silico data obtained in our study, it is
anticipated that due to the lack of interactions between
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Fig. 15 Interactions between phenethyl isothiocyanate (PEITC) and CYP3A4 and Beta Tubulin: A CYP3A4 and B Beta Tubulin
Table 4 Ligand—protein docking results
Receptor/Ligand ID number Affinity RMSD L.b RMSD u.b
(kcal/mol)
Protein Structure CYP 1A2 PDB 2HI4 -6.8 1.655 2456
CYP3A4 PDB 1TQN -5.8 2.033 221
CYP 2C19 PDB 4GQS -5.2 3.651 4.674
CYP2C9 PDB 1R90 -5.0 4.142 4.967
CYP 2D6 PDB 2F9Q -4.8 3.872 6.393
Beta Tubulin PDB 1SA0 -4.2 3.347 5335
Ligand PEITC PubChem 16,741 - - -

PEITC phenethyl isothiocyanate

PEITC bound weakly to the CYP enzymes and Tubulin, as shown in Figs. 13, 14 and 15 and Table 4. According to the SwissADME data, this molecule is not a CYP

substrate. The data from both programs corroborated with one another

PEITC and cytochrome P450 enzymes (Figs. 13, 14 and
15), potential drug interactions and toxicity risks could
be minimized (Table 4). This suggests significant advan-
tages for PEITC in terms of its safety and tolerability.
PEITC demonstrates high solubility in lipids. Such lipo-
philic characteristics can have significant implications
for drug design, bioavailability, and distribution. Consid-
ering these findings, drug formulations developed from
NO (containing PEITC) are considered promising. Due

to their stable structure and lack of cytotoxicity, the anti-
cancer effects of the gold nanoparticles synthesized with
N. officinale on the lung cancer cell line A549 were evalu-
ated in this study. NOAuNPs reduced A549 cancer cell
viability in a dose-dependent manner compared to NO
after direct application. NOAuNPs were more effective in
this lung cancer cell line than NO at the same doses.

In recent years, natural plant products, such as
extracts and nanoparticles made from them, have been
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investigated for their antitumor activity [65, 66]. Despite
their pharmacological and anticancer properties, the
low bioavailability natural compounds is a drawback.
To expand the therapeutic applications of these com-
pounds, systems such as liposomes, nanoparticles,
and nanoemulsions have been designed and shown to
be effective in promoting apoptosis [42]. In multicel-
lular organisms, apoptosis, or programmed cell death,
is essential for the development and maintenance of
homeostasis during cell growth and is also known as
the primary anticancer therapeutic response [67, 68].
Apoptosis signals can be received by cells in a variety of
ways. One way is that these signals can enter cells via
receptors on the cell surface. The second type of signal
is mitochondrial apoptosis, which is triggered by DNA
damage, ROS, or molecules that can cross the cell mem-
brane [65]. Caspases and the Bcl-2 family of proteins
play important roles in the regulation of apoptosis. The
release of cytochrome C into the cytoplasm initiates the
mitochondrial apoptosis pathway. This causes the acti-
vation of effector caspases. Phosphatidylserine in the
inner layer of the cell membrane migrates to the outer
layer of the membrane during the early stages of apopto-
sis. The cytoskeleton and nuclear lamina undergo struc-
tural changes and DNA fragmentation occurs. During
late apoptosis, DNA fragmentation begins to occur [66].
In this study, A549 cells were treated with NOAuNPs or
NO for 24 or 48 h, the IC,, values were determined, and
flow cytometry (Annexin-V/7-AAD) was used to quan-
tify the ratios of apoptotic and necrotic cells. As shown in
Figs. 11 and 12, the cells treated with NOAuNPs and NO
had significantly greater apoptosis rates than the control
cells. Furthermore, NOAuNPs increased the proportions
of cells in both early and late apoptosis.

Necrosis, another type of cell death in which the cell
integrity is disrupted, results in pathological death and
inflammation [53]. We found that the number of necrotic
cells was greater in the NO-treated group. Thus, the nan-
oformulated NO compounds were shown to have greater
therapeutic and anticancer effects. Based on our findings,
NOAuNPs are thought to contribute to the induction of
apoptosis and a reduction in necrosis.

Aldravan et al. investigated the apoptotic effects of NO
and NO nanoparticles in A549 cells and discovered that
the degree of apoptosis induced by NO-loaded PLGA/
PEG NPs was high, with increases in the rates of early and
late apoptotic cell rates compared to those of the control,
similar to our results. We believe that the difference in
necrosis rates observed in our study is due to the type of
nanoparticle used. Furthermore, in the present study, the
expression levels of the mitochondrial apoptotic proteins
p53, Bax, and Caspase 3 increased, while the expression
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levels of the antiapoptotic proteins Bcl-2 and Cyclin D1
decreased [68, 69]. In publications showing the apoptotic
effect of NO on cancer cells, there is evidence that isothi-
ocyanates and their metabolites increase the sensitivity of
cancer cells to apoptosis. Western blot analysis revealed
that these proteins induce the cleavage of apoptotic cas-
pases 3, 7, 8, and 9 and PARP and cause Bcl-2 downregu-
lation and Bax overexpression in PC-3 human prostate
cancer cells and bladder cancer cells [70, 71]. Munday
et al. [72] added an extract of broccoli (from the family
Cruciferae) to the diets of rats with bladder cancer and
investigated its effects on tumor tissue. They detected
significant reductions in the incidence, multiplicity, size
and progression of bladder cancer. In addition to mem-
bers of the Cruciferae family, glucosinolates also exert
anticancer effects by inducing proteins related to apop-
tosis [73, 74].

Flow cytometry revealed that NOAuNP treatment of
A549 cells resulted in cell cycle arrest in the GO/G1 phase
after 24 and 48 h. The percentage of cells retained in this
phase was greater at 48 h (Fig. 12). In addition, when we
compared the percentage of cells in the G2/M phase,
which is the basic phase of cell division, to those in the
other interphase phases, we discovered that the cells
in the NO and NOAuNP groups were arrested before
G2/M. The NOAuNP group had the greatest arrest, and
the differences were statistically significant (p <0.05). In
Huh7 hepatoma cells, atractylodin, an herbal product,
caused a gradual increase in the number of cells in G1
phase and a gradual decrease in the number of cells in
G2 phase [75]. Another cell cycle study with A549 cells
using different NONPs revealed that the cells remained
in S phase. While GO/G1 arrest was most notable in our
study, the ratios of cells in the GO/G1 and S phases to
those in G2/ cells increased significantly, particularly in
the NOAuNP group (Table 2). Cell cycle arrest in G1, S,
and/or G2/M phases is caused by DNA damage [76]. The
apoptotic effects of NO and the NOAuNPs are linked
to changes in cell cycle progression, particularly GO/G1
phase arrest. According to these findings, inhibiting cell
cycle progression is likely one of the antitumor molecular
mechanisms of NO and the NOAuNPs.

Conclusion

The NO and NOAuNPs were used to evaluate the anti-
tumor effect of NO on lung cancer cells. The AuNPs
more effectively reduced cell viability than NO. Both the
extract and the AuNPs induced cell apoptosis while keep-
ing the cells in GO/G1 phase. The NOAuNPs strongly
induce both apoptosis and cell cycle inhibition. We
believe this is due to the AuNPs mediating NO uptake by
cancer cells.
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In our study, we successfully synthesized AuNPs from
NO. In addition, we confirmed that the green-synthe-
sized nanoparticles had a greater toxicity to A 549 lung
cancer cells than control treatment. This result indicates
that the AuNPs prepared with the NO can be used as
anticancer agents for lung cancer treatment. However,
in vivo studies should be performed to fully confirm our
results and to elucidate the underlying mechanisms of
action.
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