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Abstract
Phytochemical mediated synthesis of nanoparticles has gained great interest in the field of cancer therapeutics. We attempted a
simple and stable synthesis of gold nanoparticles (AuNPs) with Myricetin (Myr) adopting ultrasound-assisted method. Further,
we evaluated anticancer activity of the synthesized nanoparticles. The physico-chemical properties of biosynthesized Myr-
AuNPs were characterized by UV-visible spectrophotometer, Fourier-transform infrared spectroscopy, X-ray diffraction, scan-
ning electron microscopy, energy-dispersive X-ray spectroscopy, and particle size analysis. The study reports of Myr-AuNPs
showed spherical-shaped particles with a size of < 50 nm. Stability of the particles was increased in various physiological media.
Furthermore, the graph theoretical network analysis of Myr-AuNPs indicated that the probable binding with the mTOR is an
effective target for breast cancer cells. In silico molecular docking study of Myr-AuNPs in human mTOR kinase was found to be
strong binding. The IC50 value of Myr-AuNPs was calculated as 13 μg mL−1 against MCF-7 cell line. The AO/EB and DAPI
stainings confirmed the anticancer activity by Myr-AuNPs-treated cells showed a good proportion of dead cells evidenced with
formation of pro-apoptotic bodies. In addition, Myr-AuNPs exhibited depolarization of mitochondrial membrane potential and
production of reactive oxygen species. This study proves that Myr-AuNPs holds great promise to use against breast cancer as a
potent anticancer drug.
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Introduction

Breast cancer is one of the leading causes of death in women
compared to other cancers (Sheffield 2019) and around 11.6

million new cases of breast cancer and 6.6 million deaths have
been reported in 2018 (Bray et al. 2018). Although the prima-
ry diagnosis of breast cancer helps to achieve a moderate
survival rate, distant metastasis hinders the actual survival rate
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(Johnson et al. 2013). Studies attest that metastasis in breast
cancer patients was more prevalent and observed in major
organs and bones (Rygiel et al. 2017). Hitherto, chemotherapy
remains the most effective treatment for breast cancer and
metastasis. The adverse side effects associated with chemo-
therapy can be reduced simply by decreasing the dosage, and
thus, chemotherapy is considered as the best modality (Pickus
et al. 2000). On the other hand, decreased dosage limits ther-
apeutic efficacy, and prolonged chemotherapy causes pro-
nounced resistance. The specific cellular level changes caused
by chemotherapy-induced resistance include target alteration,
changes of metabolism and cell surface receptors, hindered
apoptosis, and immune system evasion (Frank and Rosner
2012). These complexities in the signaling network help the
breast cancer cells to escape from death induced by chemo-
therapeutics (Fodale et al. 2011).

There were many genes, enzymes, and molecules which
were reported to be involved in protecting the cancer cells
against chemotherapeutics (Krajka-Kuźniak et al. 2017).
Eventually, these molecules and their signaling pathways
were targeted for drug deliveries, which helped to suppress
or inhibit the proliferation of cancer cells (Kunjiappan et al.
2018a). The above views are clearly indicating that treating a
breast cancer patient thus becomes a challenge concern and
treatment strategies for metastasis and breast cancer have be-
come elusive. Therefore, we planned to use plants and their
derived compounds because it has been traditionally used in
the mitigation of many of the diseases, importantly cancer.
Over 60% of currently used anticancer drugs are derived from
plant source. The plants are possessing huge medicinal prop-
erties due to their bioactive compounds like alkaloids, flavo-
noids, sterols, terpinoids, and carotenoids. In addition, to en-
hance the quality of work, we utilized graph theoretical net-
work analysis for identifying the synergistic binding of drugs
to the ligands, thus becomes a selective approach to eliminate
the cancer cells (Kunjiappan et al. 2018c). mTOR (mechanis-
tic or mammalian target of rapamycin kinase) is one of the
major targets, which is involved in cell growth, metabolism,
and aging (Block et al. 2015). Among the therapeutic com-
pounds, phytochemicals constitute a major class that includes
flavonoids. In cancer cells, flavonoids were reported to mod-
ulate numerous signaling pathways and eventually hamper the
proliferation and metastasis of cancer cells (N Syed et al.
2013). In particular, Myricetin, a flavonoid was found to in-
hibit thePI3K/AKT/mTOR signaling pathways and considered
promising in cancer therapy (Kim 2017; Deeb et al.2016; Yap
et al. 2008). Myricetin (Myr, 3,5,7-trihydroxy-2-(3,4,5-
trihydroxyphenyl)-4-chromenone) is widely distributed in
various plants, fruits, vegetables, and medicinal herbs (Devi
et al. 2015). Myr has a quercetin backbone with an additional
hydroxyl group and it possesses enormous antioxidants
through which it scavenges the free radicals and selectively
targets the cancer cells (M Mates et al. 2011; Morales and

Haza 2012). We found Myr as a viable inducer of apoptosis
(Kunjiappan et al. 2020). Chemically, Myr is insoluble in
water (Yao et al. 2014); therefore, formulation and adminis-
tration of Myr-based drug/emulsion are crucial.

The nano-based techniques are considered as an integral
part of drug design and delivery (Chowdhury et al. 2017b)
and among the various nanoparticles, gold nanoparticles
(AuNPs) are highly selective against cancerous cells mostly
due to their enhanced permeability and retention (EPR) effects
(Ajnai et al. 2014; F Jiao et al. 2011). The synthesis of nano-
particles by high-intensity ultrasound results in cavitation
wherein the formation, growth, and collapsing of bubbles
are achieved by high pressure and high temperature and ener-
gy in the liquid medium (Deshmukh et al. 2019). Besides,
cavitational bubbles produce intense local heating and high
pressure in the liquid reaction mixture for a short period of
time (Deshmukh et al. 2019). These transient, localized hot
spots have an equivalent temperature of 5000 °C and pressure
of 2000 atm that favor rapid reduction reaction (Kumar et al.
2016). Ultimately, the bubbles formed due to the cavitation
yields a great amount of nanoparticles (Nasrollahzadeh et al.
2014). The present investigation involves the ultrasound-
assisted green synthesis of Myr coupled with AuNPs for the
effective therapeutic agents against breast cancer cells.

Experimental section

Materials

The chemicals, hydrogen tetrachloroaurate (III) hydrate
HAuCl4·3H2O (99.9%), Myricetin (Myr), acridine orange
(AO), ethidium bromide (EB), 4′,6-diamidino-2-phenylindole
(DAPI), dichloro-dihydro-fluorescein diacetate (DCFH-DA),
rhodamine 123, fetal bovine serum (FBS), 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-tetrazolium bromide (MTT),
Dulbecco’s modified eagle’s medium (DMEM), streptomy-
cin, penicillin, and dimethyl sulfoxide (cell culture grade
DMSO) were procured from Himedia laboratories Pvt. Ltd.,
Mumbai, India. A few other analytical grade chemicals and
reagents were purchased from Thermo Fisher Scientific Ltd.
Mumbai, India. All the solutions were prepared using deion-
ized water.

Ultrasound-assisted synthesis of gold nanoparticles

Gold nanoparticles were synthesized by a reduction method
using Myr as a reducing and stabilizing agent (Kunjiappan
et al. 2014). Briefly, 100 mL of 1 mM hydrogen tetrachloro-
aurate (III) hydrate solution was prepared. Myr (2 mg) was
dissolved in 3 mL of methanol in a bath sonicator (Elma
Ultrasonic Cleaner S100H, Mumbai, India). Later, the organic
phase of Myr was added drop-wise to the aqueous phase of
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hydrogen tetrachloroaurate (III) hydrate solution under ultra-
sonication (Sonics & Materials Inc., CT, USA) adopting the
following parameters: 500 W, 20 kHz, pulse duty 50/10 s,
amplitude 50% for 20 min followed by stirring at 600 rpm.
The green synthesis of Myr-AuNPs was monitored through
spectrophotometrically every 2 min for 20 min. Further char-
acterization and anticancer activities were performed using the
supernatant of Myr-AuNPs that was obtained by centrifuging
the solution at 6000×g at 4 °C for 15 min.

Physico-chemical characterization of Myr-AuNPs

Surface functional molecules of the Myr-AuNPs were detect-
ed and compared with Myr by FTIR (Shimadzu IR Tracer-
100, FTIR spectrophotometer). The Myr-AuNPs powder was
detected in XRD analysis at a voltage of 20 keV and a current
of 30 mA with Cu Kα 1 radiation (l = 0.1542) in a 2-theta
(degree) configuration (D8 Advance ECO XRD system with
SSD160 1 D Detector). The zeta potential, average particle
size, and distribution of the biosynthesized Myr-AuNPs were
measured by Zetasizer (Nano ZS ver.7.03, Malvern
Instrument, Worcestershire, UK). The SEM (Carl Zeiss
EVO 18) was used to visualize the morphological features,
whereas the TEM (TEM-JEOL model 2100) was used to as-
sess the shape and size of the particles.

Stability assessment of Myr-AuNPs

In vitro stability of Myr-AuNPs was assessed in various phys-
iological media (10% NaCl, 0.5% BSA and 5% dextrose),
acetate buffer solution pH 1.5, and phosphate buffer solution
(PBS) at various pHs (3, 5, 6, 7.4, and 9), saliva, and simulated
gastrointestinal fluids at room temperature (Kunjiappan et al.
2018b). Briefly, 1 mL of Myr-AuNPs was mixed with each
physiological medium, PBS, saliva, and simulated gastroin-
testinal fluids followed by reading the absorbance after 48 h in
a UV-visible spectrophotometer. Simulated gastrointestinal
fluids were prepared according to Lazzari et al. (2012), and
its composition and pH were presented in Supplementary
Table S-1.

Graph theoretical network analysis

A graph theoretical network analysis was performed by Kyoto
Encyclopedia of Genes and Genomes (KEGG) database using
Cytoscape software 3.7.1 (Theivendren et al. 2019) to recog-
nize the roles of various genes in the mTOR (hsa04150) sig-
naling mechanism, and resulted pathway is shown in Fig. 1.
The analyzed network has 60 nodes and 78 edges based on
centrality measures such as degree, closeness, eccentricity,
eigen vector, and radiality. The measured value of degree
(20), closeness (0.007686), eccentricity (0.267857), eigen
vector (0.74402), radiality (18.74074), and stress (6948) has

indicated the threshold value of all the measures as well as
notable node found in the network (Tables 1 and 2).

In silico molecular docking

In silico molecular docking of targeted molecule (Myr) was
accommodated by our previously published article
(Kunjiappan et al. 2019c). The X-ray crystal structure of hu-
man mTOR kinase (PDB: 4JSV) was retrieved from the
RCSB-PDB (Research Collaboratory for Structural
Bioinformatics-Protein Data Bank). GLIDE program (v.11,
Schrödinger, LLC, New York, 2016) was used in extra preci-
sion (XP) docking mode with the Glidescore and E-model
scoring functions.

In vitro cytotoxicity assay

MCF-7 cell lines (breast cancer cells) were obtained from
NCCS, Pune, India, and maintained in DMEM medium con-
taining 10% heat inactivated fetal bovine serum (FBS), 1%
mixture of penicillin/streptomycin, and amphotericin B.
In vitro cytotoxicity of Myr-AuNPs was performed against
MCF-7 cancer cell lines, utilizing an MTT reagent-based col-
orimetric assay (Kunjiappan et al. 2019b). Briefly, MCF-7
cells were grown in 96-well plates (5 × 103 cells well−1) and
incubated in DMEM (100 μL) at 37 °C and 5% CO2 for 24 h.
Subsequently, the medium was replaced with fresh medium
containing different concentrations of Myr-AuNPs (200, 150,
100, 50, 25, 12.5, 6.25 μg mL−1) and incubated for 24 h.
Later, the medium was removed and the cells were washed
with PBS (0.01 M, pH 7.4). At the end of incubations, 100 μL
(5 mg mL−1) of 0.5%MTT solubilized in serum-free medium
was added to each well and incubated for 4 h at 37 °Cwith 5%
CO2. MTT fixative solution (isopropanol with 0.04MHCl) of
100 μL was added to the medium and removed after 4 h.
ELISA plate reader (Bio-Rad, Model 680, Hercules, CA)
was used tomeasure the absorbance at 570 nm for viable cells.
The wells without Myr-AuNPs were marked as control. The
percentage of cell viability was calculated using the following
Eq. (1):

Cell viability %ð Þ ¼ At=Ac� 100 ð1Þ
where At and Ac are the mean absorbance of Myr-AuNPs-
treated and control cells, respectively (n = 5).

Measurement of apoptosis by AO/EB (acridine
orange/ethidium bromide) staining

Briefly, the MCF-7 cells (1 × 105) were seeded on 16 mm2

cover slip followed by treatment with Myr-AuNPs for 48 h
(Kunjiappan et al. 2019b). The cells were then washed twice
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with PBS and treated with AO and EB (10 μL mL−1 each)
followed by incubation for 30 min. Subsequently, morpholo-
gy of apoptotic cells was visualized under a fluorescent mi-
croscope (Carl Zeiss, Jena, Germany) at × 40 magnification
(510–590 nm).

Assay of mitochondrial transmembrane potential
(ΔΨm)

The ΔΨm (changes of mitochondrial membrane potential)
was measured according to the protocol reported elsewhere
(Kunjiappan et al. 2018b). MCF-7 cells (density of 1 × 105)
were seeded onto 16 mm2 coverslips placed in a 6-well plate
and incubated at 37 °C for 4 h. The cells were treated with
IC50 concentration of Myr-AuNPs successively and then were
rinsed using PBS. Subsequently, the cells were added with
rhodamine 123 fluorescent dye (10 μg mL−1) for 1 h in dark

condition at 37 °C. Finally, fluorescence intensities were cal-
culated using SpectramaxM2 fluorescence spectrophotometer
(Molecular devices, USA) at 480 nm (excitation wavelength)
and 530 nm (emission wavelength). The reduced transmem-
brane potential of mitochondria in the treated cells was indi-
cated by significant reduction in the uptake of rhodamine 123.

DAPI (4′,6′-diamino-2-phenylindole, 2HCl) staining

The morphological changes in the nuclear chromatin of the
MCF-7 cells were detected by DAPI (DNA-binding
fluorochrome) under fluorescence microscopy (Kunjiappan
et al. 2019a). The MCF-7 cells (1 × 105 cells well−1) were
grown in a cover slip of 24-well bottom dish and maintained
in CO2 incubator at 37 °C for overnight. The cultured cells
were treated with IC50 concentration of Myr-AuNPs and in-
cubated for 48 h at 37 °C. The cells were washed with 1× PBS
buffer twice after the incubation and fixed with 4% parafor-
maldehyde solution for 30 min. Cells were incubated with
DAPI for 5 min in the dark at room temperature followed by
examination under fluorescent microscope (Carl Zeiss, Jena,
Germany). The numbers of apoptotic cells were counted in the
randomly selected fields.

Determination of intracellular reactive oxygen species
levels

Reactive oxygen species (ROS) generation was determined
using dichloro-dihydro-fluorescein diacetate (DCFH-DA)
fluorescence dye (Kunjiappan et al. 2015). MCF-7 cells (1 ×
105 cells well−1) were seeded in 6-well culture plate and

Fig. 1 The signaling pathway of mTOR

Table 1 The nodes and edges of influential protein (mTOR)

Centrality measures Maximum Mean Minimum

Betweenness 5503.333 645.7051 130.75

Closeness 0.007686 0.002832024 0.001886

Degree 20 3.3076 2

Eigenvector 0.74402 0.072707 2.80E−04
Radiality 18.74074 7.881608104 5.82716049

Stress 6948 811.38 0

Nodes 60

Edges 78
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incubated for 24 h at 37 °C with 5% CO2. The cells were then
treated with IC50 concentration of Myr-AuNPs and incubated
for 48 h. Consequently, the cells were washed with 1× PBS
for 15 min at 37 °C followed by labeling with DCFH-DA
(20 μM). The suspension was kept on ice and filtered using
a cell strainer (70 μM). In each well, the reaction mixtures
were articulated and exchanged by PBS buffer (200 μL).
The plates were then kept in dark on a shaker at room temper-
ature for 10 min. The intensity of fluorescence was read at

475 nm (λex) and 525 nm (λem) using a Spectramax M2 fluo-
rescence spectrophotometer (Molecular devices, USA).

Statistical analysis

MTT assay and ROS generation studies were performed in
triplicate and the values were compared between control and
treated cells using SPSS (v. 20.0, SPSS Inc., Chicago, IL,
USA). We used one-way analysis of variance (ANOVA)

Table 2 The results of threshold parameter values of the network analysis

Rank Gene Betweenness Closeness Degree Eccentricity Eigenvector Radiality Stress

1 mTOR 5503.33 0.007686 20 0.267857 0.74402 18.7407 6948

2 RRAGB 2049 0.0037175 4 0.125 0.1886827 9.12346 2406

3 TSC1 1913.42 0.003663 8 0.125 0.1378706 9.07407 2240

4 RRAGD 1854 0.0032051 6 0.1111111 0.0604107 8.59259 2148

5 CHUK 1815.92 0.0039216 3 0.1428571 0.2039463 9.2963 2512

6 PRKAA1 1528.08 0.0038462 4 0.1428571 0.2026619 9.23457 1670

7 PIK3CA 862.583 0.0029326 3 0.1111111 0.028453 8.23457 1290

8 NPRL2 834 0.0026667 2 0.1 0.0148371 7.81481 960

9 AKT3 817.75 0.0035842 4 0.125 0.1396114 9 1348

10 MIOS 717 0.0022936 3 0.0909091 0.0038734 7.06173 822

11 IRS1 666.167 0.0025445 3 0.1 0.0074391 7.59259 948

12 GSK3B 572 0.0029155 2 0.1111111 0.0337253 8.20988 656

13 MAPK1 471.583 0.0029851 3 0.1111111 0.0439935 8.30864 540

14 IGF1R 468.583 0.002193 4 0.0909091 0.0020614 6.81481 646

15 DVL1 435 0.002457 2 0.1 0.0082496 7.41975 498

16 MAP2K1 353.083 0.0025575 2 0.1 0.0107632 7.61728 412

17 RPS6KB1 297 0.0032573 3 0.125 0.1663257 8.82716 338

18 RICTOR 296 0.0028011 3 0.1111111 0.0258751 8.03704 322

19 LAMTOR5 296 0.0025907 3 0.1 0.0156057 7.67901 338

20 CASTOR1 296 0.001992 3 0.0833333 0.0010006 6.24691 338

21 CAB39 294 0.003012 2 0.125 0.0495642 8.34568 312

22 IKBKB 294 0.0028902 2 0.1111111 0.0337185 8.17284 336

23 FZD10 294 0.0021368 2 0.0909091 0.0020176 6.66667 336

24 PDPK1 260.083 0.003012 2 0.1111111 0.0358407 8.34568 544

25 C05981 253.5 0.0027248 3 0.1 0.0156743 7.91358 510

26 RAF1 236.083 0.0022472 2 0.0909091 0.0026397 6.95062 288

27 EIF4EBP1 149 0.0032573 2 0.125 0.1569668 8.65432 170

28 FNIP2 149 0.0025641 2 0.1 0.0147276 7.62963 170

29 STRADB 149 0.0025063 2 0.1111111 0.0120834 7.51852 158

30 TNFRSF1A 149 0.0024155 2 0.1 0.0082203 7.33333 170

31 SESN2 149 0.0019881 2 0.0833333 9.44E−04 6.23457 170

32 LRP6 149 0.0018657 2 0.0833333 4.92E−04 5.82716 170

33 HRAS 140.583 0.0020284 2 0.0833333 6.74E−04 6.35802 188

34 GRB2 130.75 0.0020121 2 0.0833333 5.40E−04 6.30864 180

35 AKT1S1 128.583 0.0035461 3 0.1428571 0.2272316 8.96296 304

36 SOS1 98.9167 0.0018868 2 0.0769231 2.80E−04 5.90123 114

37 RHEB 77.1667 0.0034014 2 0.1428571 0.1647246 8.81481 104
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followed by Dunnett’s test to evaluate the level of signifi-
cance, where P > 0.05 was considered significant. The results
were expressed as mean ± SD.

Results

Synthesis and characterization of Myr-AuNPs

Myr-AuNPs formation and stability were primarily confirmed
by indicated color change (pale yellow to brown or cherry
red), that occurred due to reduction of gold ions (Au1+ or
Au3+) to neutral (Au0). Figure 2 represents the kinetics of
the Myr-AuNPs biosynthesis and higher yields of stable
Myr-AuNPs formed within 20 min. Further, the cherry red–
colored solution expressed a sharp peak at 540 nm in UV-
visible spectroscopy also confirmed the formation of Myr-
AuNPs. Inset Fig. 2 (a) and (b) represents 1 mM hydrogen
tetrachloroaurate (III) hydrate solution and Myr-AuNPs,
respectively.

Physico-chemical characterization

The FTIR spectrum of Myr-AuNPs (Fig. 3 (a)) exhibited a
strong absorption peak at 3279 cm−1 corresponding to O-H
stretch of intermolecular hydrogen bonding. The peak at
1650 cm−1 confirms the stretching vibrations of C-O group;
another peak at 1523 cm−1 confirms the presence of aromatic
group. The band 1396 cm−1 was assigned to the C-O-C vibra-
tions. Interestingly, the observed peaks from spectra con-
firmed the presence of Myricetin (Fig. 3 (b)). In XRD analysis
(Fig. 4), four diffraction peaks were observed (2θ) at 38°, 44°,
65°, and 78°. The observed peaks pattern corresponding to

lattice planes indexed to 111, 200, 220, and 311, which were
identical with standard gold metal (Joint Committee on
Powder Diffraction Standards-JCPDS file no. 65-8601).
Bragg’s reflections for Myr-AuNPs were found and con-
firmed based on the face-centered cubic (fcc) planes of pure
gold element. The observed diffraction peaks suggest that
Myr-AuNPs were crystalline in nature (Fig. 5 (a) and (b)).
The average particle size of Myr-AuNPs was 66 nm and
the measured zeta potential was − 21.9 mV. SEM images
revealed homogenous spherical-shaped Myr-AuNPs (Fig. 6
(a)–(c)). EDX spectrum of Myr-AuNPs exhibited strong sig-
nals for elemental gold (Fig. 6 (d)). TEM images revealed
spherical-shaped particles between 30 and 66 nm size (Fig. 7
(a)–(c)). Further, the selected area electron dispersion (SAED)
analysis exhibited that the Myr-AuNPs are predominantly

Fig. 2 Kinetics of the formation
of Myr-AuNPs (Inset figure (a)
1 mM hydrogen tetrachloroaurate
(III) hydrate solution; (b) Myr-
AuNPs)

Fig. 3 FTIR spectra of Myricetin (a) and biosynthesized Myr-AuNPs (b)
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single crystalline in nature. The spots are indexed based on fcc
structure of Myr-AuNPs (Fig. 7 (d)).

Stability studies

In Fig. 8, the λmax of Myr-AuNPs in different physiological
solutions (10% NaCl (w/v), 0.5% BSA, and 5% dextrose
(w/v)), acetate buffer solution pH 1.5, and phosphate buffer
solutions (pH: 3, 5, 6, 7.4, and 9) was found to be 510 nm and
510–520 nm, respectively. In phosphate buffer solutions
(pH 7.4 and 9), Myr-AuNPs displayed about 10 nm shifts in
its λmax, whereas λmax of Myr-AuNPs in saliva and gastric

intestinal and lysosomal fluids was found to be 530 nm.
Promisingly, there was no absorbance shift between saliva
and simulated gastrointestinal fluids. Altogether, these results
demonstrated that Myr-AuNPs possess increased stability in
various physiological media.

In silico molecular docking analysis

In the present study, extra precision GLIDE docking proce-
dure was validated by removing the inhibitor compound with
human mTOR receptor. The docking result of Myr was found
to be − 7.79 kcal mol−1, and its interactions were found with
ALA 1708, ARG 1709, LYS 1710, ILE 1711, and ASP 1712
of chain B of human mTOR kinase, eventually denote good
binding of Myr with human mTOR kinase (Fig. 9). The inter-
action energy (van der Waals energy, electrostatic energy, and
intermolecular hydrogen bonding) was calculated for each
minimized complex.

Cytotoxicity

We found 69 ± 1.57% of cellular viability for 6.25μg mL−1 of
Myr-AuNPs, whereas 100 μg mL−1 of pureMyricetin showed
only 64.24 ± 2.58% cellular viability, and 0.25 μM Paclitaxel
showed 50.12 ± 1.26% cellular viability (Fig. 10 (a)) and IC50

of Myr-AuNPs was found to be 13 μg mL−1, which produced
effective morphological changes in MCF-7 cells, as shown in
Fig. 10 (b) and (c).

Fig. 5 DLS measurement of
average particle size of Myr-
AuNPs (a); zeta potential of Myr-
AuNPs (b)

Fig. 4 XRD pattern of lyophilized powder of Myr-AuNPs
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Apoptosis

The cells treated with Myr-AuNPs (13 μg mL−1) revealed
early apoptotic bodies in orange color, and late apoptotic bod-
ies (round or irregular shape with condensed nuclei and
distorted membrane) in red color, whereas control MCF-7
cells displayed a normal nuclear morphology characterized
by a diffused chromatin structure, therefore, visualized in
green fluorescence (Fig. 11 (a) and (b)).

Mitochondrial transmembrane potential (ΔΨm)

The rhodamine 123 uptake was found to be higher in control
cells compared to Myr-AuNPs (13 μg mL−1) treated cells
(Fig. 12 (a) and (b)). The Myr-AuNPs greatly induced depo-
larization of the mitochondrial membrane potential and per-
meated the mitochondrial membrane via endocytosis that led
to cell death.

Fig. 7 HRTEM images of Myr-AuNPs (a)–(c). SAED pattern of synthesized Myr-AuNPs (d)

Fig. 6 SEM images of Myr-AuNPs (a)–(c); EDX pattern of Myr-AuNPs (d)
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DAPI staining

Figure 13 (a) and (b) demonstrated the morphology of DAPI
stained MCF-7 cells (24 h) with and without AuNPs, respec-
tively. The treatment ofMyr-AuNPs (13μgmL−1) withMCF-
7 cells resulted in cell shrinkage, increased DNA condensa-
tion, and nuclear fragmentation, which denotes the character-
istics of apoptotic morphology.

ROS generation

The ROS generated in Myr-AuNPs (13 μg mL−1)-treated
MCF-7 cells was significantly higher (P < 0.05) compared to
control cells (Fig. 14). The increased ROS generation in Myr-
AuNPs-treated cells might be responsible for oxidative stress.

Discussion

AuNPs are widely utilized in disease diagnostics, targeted
drug delivery, and treatments (Alanazi et al. 2010).
Synthesis of biologically benign AuNPs using natural prod-
ucts is now getting more attention. In this study, we synthe-
sized AuNPs using Myr, which acts both as reducing and
stabilizing agent. The AuNPs synthesis by chemical, thermal,
and electrochemical methods is time-consuming (Freitas de
Freitas et al. 2018). It is apparent in the present study that

Myr-AuNPs were formed in a short period of time by ultra-
sonication-assisted method. Several lines of evidences point to
the importance of ultrasound-assisted generation of AuNPs as
one of the simple, efficient, alternative techniques to synthe-
size nanostructure in definite shape and size (Lee et al. 2012).

Synthesized Myr-AuNPs were characterized by UV-
visible spectrophotometer at regular intervals. The peak inten-
sity continuously increased (Fig. 2) during the synthesis of
Myr-AuNPs due to rapid reduction of HAuCl4 and excitation
of surface plasmon resonance (SPR). The SPR of AuNPs
showed a single absorption peak at 540 nm, which is assigned
to the dipole resonance of nanoparticles. Therefore, the ob-
served SPR peak by Myr-AuNPs is in agreement with Mie
theory (Singh et al. 2013b). The size of the nanoparticles was
also related to the SPR absorbance band. Specifically, SPR
band shifts toward higher wavelength as the size of nanopar-
ticles increases, which was evident with the TEM analysis
(Fig. 7 (a)–(c)).

Further, we evaluated the presence of the functional groups
by comparing Myr and Myr-AuNPs. Further, the FTIR peaks
were similar in the spectrum of both Myr-AuNPs and Myr.
We have seen that there was a change of frequencies which
might be credited to the contribution of the functional groups
of those specific frequencies in the formation of the nanopar-
ticles. The observed O-H stretching peak at 3428 cm−1 of Myr
has moved to 3279 cm−1 after the formation of the nanoparti-
cles. This demonstrates the reduction of Au3+ to Au0 with the

Fig. 8 In vitro stability of Myr-
AuNPs in physiological medium
and various pH buffers

Fig. 9 The molecular interactions of Myricetin with human mTOR kinase (PDB: 4JSV)
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involvement of primary alcohol group of Myr. Similar result
was observed in our previous study, where the biomolecules
of Marsilea quadrifolia occupied the surface of AuNPs
(Chowdhury et al. 2017a). The biosynthesized AuNPs exhib-
ited standard Bragg reflections (111), (200), (220), and (311)
of face-centered cubic (fcc) lattice. The strong intense diffrac-
tion at 2θ = 38° peak shows the preferred growth orientation
of zero valent Au (111) ions, which demonstrated that synthe-
sized Myr-AuNPs were dispersed and single crystalline in
nature. The single crystalline nanoparticles were further con-
firmed by SAED (selected area electron dispersion) pattern,
and the observed results showed lattice fringes with bright
circular rings demonstrating the gold ion. The SAED pattern
of biosynthesized Myr-AuNPs confirmed the predominant
presence of spherical shape and circular patterns correspond-
ing to reflections of (111), (200), and (311). The zeta potential
of Myr-AuNPs was found to be − 21.9 mV, and the negative
charge indicates that Myr-AuNPs are highly stable (Singh
et al. 2013a). Further, the surface charge of Myr-AuNPs indi-
cates the penetrating potential of nanoparticles into the cells.

The AuNPs are used as a potential vehicle for delivery of
variety of drugs (Webster et al. 2013). The stability of nano-
particles during storage condition is one of the key consider-
ations in developing a therapeutic nano-formulation for cancer

treatment (Kesharwani et al. 2015). The stability of Myr-
AuNPs was confirmed in various physiological media, PBS
buffer, and simulated gastrointestinal fluids. There was no
major shift in λmax of Myr-AuNPS upon treatment with any
of the buffers treated with. We found higher stability for Myr-
AuNPs in almost all the physiological medium that potentiates
their longevity in blood plasma. The increased stability ofMyr
could be because of surface occupancy of Myr to the AuNPs.

The TEM micrograph of Myr-AuNPs showed well-
dispersed particles without any aggregation. The size of the
particles ranged from 30 to 66 nm. Further, the particles were
anisotropic, with spherical, triangular, pentagonal, and
hexagonal shapes. In line with our findings, Ramalingam
et al. (2017) found TEM micrograph of gold nanoparticles
in the size between 25 and 100 nm with spherical, triangular,
hexagonal, pentagonal, rod, and truncated triangular shapes
(Ramalingam et al. 2017). In this study, SEM images showed
a combination of nanoparticles, which may be endorsed as the
growth of nanostructures on different faces with respect to
time. The size and shape of the nanoparticles depend on sev-
eral factors, such as temperature, pH, sonication frequency,
Myr concentration, and interaction with the functional groups
of Myr (Jain et al. 2006; Sajanlal et al. 2011). Elemental anal-
ysis by energy-dispersive spectroscopy shows a strong peak

Fig. 10 Cytotoxic activity of human adenoma breast cancer (MCF-7)
cells using different concentrations of Myr-AuNPs after 24-h treatment.
The percentage of apoptotic cells increased dose dependently. Values are

mean ± standard deviation of triplicate measurements (p < 0.05) (a); mor-
phology of the control cells (b); and treated cells (c) observed using a
phase contrast microscope

Fig. 11 Apoptotic morphological
variations of MCF-7 cells identi-
fied with AO/EB staining and
observed using fluorescence mi-
croscope. (a) Control cells; (b)
13 μg mL−1 of Myr-AuNPs for
48 h
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for gold along with weaker signals of other elements due to X-
ray emission from Myricetin. The EDX spectrum confirmed
the presence of Myr-AuNPs.

Many research reported that flavonoid-based AuNPs are
effective against cancer, due to its nanodimension and shape
that enhances the facilitated endocytosis in cells (Balakrishnan
et al. 2017; Tiwari et al. 2015; Tripathi et al. 2015; Sreedharan
et al. 2019; Raghavan et al. 2015). The size and shape of the
nanoparticles thus become important in exerting cytotoxicity
(Chithrani and Chan 2007). The nanoparticles of size up to ∼
50 nm with a spherical shape were taken up by the cells faster
and higher than other sizes and shapes (Sohaebuddin et al.
2010). We found in the present study that 13 μg mL−1 Myr-
AuNPs were effective in causing 50% death of cancer cells
(IC50) in 24 h. Our results also established the dose-dependent
anticancer activity of Myr-AuNPs against MCF-7 cells.
Particularly, 100 μg mL−1 of Myr-AuNPs showed 20.38 ±
0.98% cell death, while 25 μg mL−1 of Myr-AuNPs revealed
39.9 ± 1.25% cell death. We articulate the anticancer activity
of Myr-AuNPs to its spherical shape with smaller size.
Further, we evidenced that the increased anticancer activity
due to smaller size of Myr-AuNPs might provide a greater
surface area of particles (Myr occupied) that eventually in-
creases cancer cell death.

The findings of AO/EB staining revealed that Myr-AuNPs
induce apoptosis in MCF-7 cells. Myr-AuNPs-treated cells
revealed signs of apoptosis such as round- and irregular-

shaped cells with condensed nuclei, distorted membrane,
and dead bodies. These results correlate well with our previ-
ous studies where MCF-7 cells upon treatment with
0.1 μg mL−1 of Epirubicin-AuNPs encapsulated liposomes
induced apoptosis as well as necrosis. The excessive genera-
tion of ROS is a critical event that might induce aging or
senescence and apoptosis (Lemasters et al. 1998). In the pres-
ent study, Myr-AuNPs-treated MCF-7 cells revealed a signif-
icant increase in ROS levels in MCF-7 cells as evidenced by
experiment and figure no. This increased level of ROS in
cancer cells might have enhanced the NPs to make the mito-
chondrial membrane permeable and aided to disturb the respi-
ratory chain to induce p53-mediated intrinsic apoptosis path-
way. It was reported that increased ROS level by anticancer
agents leads to disruption of the homeostatic redox state and
induces cellular genotoxicity that ends up with programmed
cell death (Fulda et al. 2010), while the reduced level of ROS
is involved in physiological condition as part of defensemech-
anisms and biological signaling process (Brieger et al. 2012).
In spite of much technical advancement with the development
of chemotherapeutic agents to battle against cancer, still mito-
chondria remain a viable therapeutic target. Mitochondria
have several roles in important cellular functions, including
the production of energy (adenosine triphosphate (ATP)),
Ca2+ homeostasis, cell signaling, cell growth, cell cycle pro-
gression, and cell death (Elmore 2007). The mitochondrial
membrane potential is generated by protons pumped into the

Fig. 12 Effects ofMyr-AuNPs on
mitochondrial transmembrane
potential in MCF-7 cancer cells.
Control cells (a); notable loss of
mitochondrial transmembrane
potential on treated cells (b)

Fig. 13 DAPI stained image of
MCF-7 cancer cells. Control cells
(a) and (b) treatment with Myr-
AuNPs. Chromatin fragmentation
is shown with arrow
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inner membrane space of the mitochondrion. The generation
of energy occurs in the final step of oxidative phosphoryla-
tion, which results in ATP production by the electron transport
chain.Mitochondrial modifications that arise during apoptosis
include changes in mitochondrial transmembrane potential
(ΔΨm) and ultrastructure as well as release of pro-apoptotic
proteins such as cytochrome c from the intermembrane space.
ΔΨm is usually monitored by positively charged lipophilic
fluorescent dye/probe (Rhodamine 123). In the present study,
Myr-AuNPs-mediated cell death/apoptosis was observed by
mitochondrial transmembrane potential damage/loss.
Mitochondrial dysfunction was a significant oxidative dam-
age due to higher level of ROS generation (Wang et al. 2014).
Loss of ΔΨm may occur due to opening of the so-called
permeability transition pore complex (PTPC). PTPC is a su-
pramolecular complex assembled at the junction of outer and
inner mitochondrial membranes (Galluzzi et al. 2018; Bonora
et al. 2015). Further, the efficiency of cell death/apoptosis was
also closely monitored by changes of nuclear materials (DNA)
by DAPI assay. DNA damage is one of the most important
and endpoints and irreversible events in cell death (Elmore
2007). The Myr-AuNPs-treated MCF-7 cells were character-
ized by the typical morphological events of the nucleus such
as nuclear fragmentation, and cell shrinkage which are linked
with the apoptotic bodies of cells death.

Conclusions

In the present investigation, we have demonstrated a simple
and rapid method for development ofMyr-induced AuNPs via
ultrasound-assisted method for selective elimination of breast
cancer cells. Myr acts as a reducing and stabilizing agent for
AuNPs, and green synthesized Myr-AuNPs were relatively

stable in physiological solutions, PBS, saliva, and simulated
gastrointestinal solutions. Further, the size, shape, and the
morphological characteristics of biosynthesized Myr-AuNPs
were studied and confirmed. The influence of ultrasound-
assisted technique maintained uniform shape and favored the
formation of nanoparticles (50 nm). Graph theoretical analysis
and in silico molecular docking studies concluded that Myr-
AuNPs have strong affinity to bind with human mTOR ki-
nase. Myr-AuNPs mediated induction of apoptosis in breast
cancer cells perhaps due to excessive ROS generation that
caused oxidative stress and mitochondrial membrane potential
loss. These potential benefits of Myr-AuNPs have opened up
a new path for enhanced anticancer therapy for selective elim-
ination of breast cancer cells.
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