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Abstract: Chrysin (CHR), a dihydroxy flavone, exhibits
several bioactivities, i.e., anti-oxidant, anti-inflammatory,
and anti-cancer, and is known to possess limited aqueous
solubility causing lowered bioavailability, and compromised
therapeutic efficacy. Gold nanoparticles (AuNPs) conjugated
chrysin (CHR–AuNPs) were prepared and characterized
by UV-Vis, Fourier transform infra-red, X-ray diffraction,
energy dispersive X-ray (EDX), and zeta potential ana-
lyses. The nanoformulated CHR–AuNPs were primarily
examined on trial scale for their cytotoxic, anti-oxidant,
and anti-microbial activity in comparison to the unformu-
lated CHR. The CHR–AuNPs effectively scavenged the 2,2-
diphenyl-1-picrylhydrazyl free radicals, also in comparison
to CHR and AuNPs. The CHR–AuNPs also exhibited poten-
tial cytotoxic effects in a dose-dependent manner and

demonstrated significant reduction (P = 0.05) of the cells
proliferation,andgrowthof thehumanbreastcancercell lines,
AMJ13, which were measured by 3-(4,5-dimethylthiazal-z-yl)-
2,5-diphenyltetrazolium, and crystal violet assays, respec-
tively. When compared with the pure CHR and free-AuNPs,
the CHR–AuNPs exerted highest anti-microbial bioactivity
against Staphylococcus aureus and Escherichia coli. The
strong anti-oxidant, anti-microbial, as well as cytotoxic
activity of the CHR–AuNPs preparation has the potential
for clinicaluseafter considerable appropriatedevelopments.

Keywords: chrysin,chrysin-nano,goldnanoparticles,chrysin-
conjugated nanoparticles, anti-oxidant, anti-microbial, anti-
cancer, cytotoxicity, AMJ13 cell lines

1 Introduction

Cancer, the state of uncontrolled cells proliferation, is a
significant health problem all over the world, and more
than 11 million people have been diagnosed with various
cancer types [1]. It is estimated that by 2025, breast cancer
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cases will rise to 19 million. In addition, cancer is the
most common cause of death, due to factors, such as
poor oral absorption and diminished biodistribution of
the chemotherapeutic agents. The adverse effects of con-
ventional treatments, i.e., chemotherapy, radiotherapy,
and surgery combined co-therapies are insufficiently effec-
tive [2]. As a result, new treatment modules with the
enhanced oral absorption or facilitated systemic delivery,
higher bioavailability, and better biotransport stability are
required. Newer strategies for delivering the developed
therapeutic modules with site-specificity and appropriate
trigger release of the chemotherapeutic agents to tumor
cells are a priority [3]. Recently, nanotechnology-based
diagnosis and therapy systems have been developed for
the majority of cancers treatment approaches [4]. The
multifunctional nanosystems are among the most recent
developments. Several strategies have been technologi-
cally advanced to selectively deliver these anti-cancer
drugs to cancer lesions [5]. The majority of these strategies
rely on the tumor microenvironment’s distinct biological
and physical characteristics, which are manipulated to
outreach to the cancer cells. Recently, special emphasis
has been placed on the link between inflammation and
the development of cancer cells in patients with stabilized
(non-metastatic) cancers [6].

Nanomedicine, the nanotechnology branch dealing
with the development of drugs and their delivery systems
at the nanoscale, is a promising theranostic tool taking
care of diagnosis and therapy as well. Recent break-
throughs in the utilization of nanoparticles (NPs) have
also offered the renewed potential to dispense anti-cancer
drugs to particular tissues with dose accuracy, therapeutic
effectiveness, and safety [7,8]. The gold nanoparticles
(AuNPs) have shown distinctive properties, and their
numerous surface functions have made them one of the
choices for a nanoscale particle for use in nanomedicines.
These NPs are biocompatible and have a large surface-to-
volume ratio which is considered enough for loading
higher concentrations of single or multiple drugs for site
delivery. The AuNPs have been utilized in a wide range of
biotechnological applications, notably in drug delivery
systems [9,10]. The AuNPs based therapeutic modules
have been reported to have superior outcomes over con-
ventional cancer treatment modalities due to their compe-
titive performance as drug carriers [11].

Epidemiological studies concerning the roles of fla-
vonoids in the healthcare system have confirmed that
people with diets high in flavonoid products are less
likely to develop cancer and some other chronic diseases
[12]. There is also a growing interest in using flavonoid-
rich plant-based products, as well as pure flavonoid

compounds, as nutritional supplements in the treatment
and prophylactics of cancer, metabolic disorders, cardio-
vascular diseases, and coronary disorders [12]. Flavonoids
are poly-hydroxylated compoundswith themolecular frame-
work of the three cyclic structures, C6‒C3‒C6 carbons
arrangement. The number and distribution of the hydroxyl
groups attached to the flavonoid framework seem to play
important role in the biological activities elicitations of
these flavonoid classes of compounds [13]. Among these,
chrysin (CHR) is one of the interesting anti-cancer com-
pounds, which is chemically identified as 5,7-dihydroxy-
flavone [13]. CHR has been reported to possess several
biological activities, and certain therapeutic potentials of
this compound are confirmed. The anti-cancer activity
of CHR has been established, and its role in the limitation
of breast, ovarian, cervical, gastric, bladder, lungs, and pros-
tate cancers have been reported [14]. Unfortunately, the poor
bioavailability of CHR associated with its meager aqueous
solubility and aqueous dispersion is a reason for its limited
clinical applications [15], and this has led to devise suitable
delivery systems for CHR-containing formulation [15,16],
which needs to be a highly active tissue-targeted drug
delivery system that can be synthesized from a wide range
of materials, including inorganic NPs [17]. The NP-based
therapy and drug delivery systems have the potential to
provide a better outcome as a combination therapy. The
AuNPs may outperform monotherapy in improving the effi-
cacy and biocompatibility of a cancer therapeutic agent [18].
In this study, CHR was formulated as a gold conjugated
nanoparticle (CHR–AuNP) preparation and was investigated
as the nanoformulation for anti-oxidant, anti-cancer, and
anti-microbial activities in comparison to the pure CHR.
The anti-oxidant potential as 2,2-diphenyl-1-picrylhydrazyl
(DPPH) free-radical scavenging capacity, cytotoxic activity
against triple-negative human breast cancer-derived AMJ13
cell lines, and anti-microbial activity against Gram-positive
and Gram-negative microbial strains were evaluated.

2 Materials and methods

2.1 Materials and reagents

CHR (structurally 5,7-dihydroxyflavone; purity ∼97%), DPPH,
ascorbic acid, ethanol, fetal bovine serum (FBS), and RPMI-
1640 medium were obtained from Sigma Chemical Co.
(St. Louis, MO, USA). Tetrachloroauric acid trihydrate
(HAuCl4·3H2O) was obtained from Strem Chemicals (UK),
while sodium citrate dihydrate (C6H5Na3O7·2H2O), dimethyl
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sulfoxide (DMSO), 3-(4,5-dimethylthiazal-z-yl)-2,5-dipheny-
ltetrazolium (MTT), and crystal violet were purchased
from Sigma-Aldrich Chemie GmBH (Schnelldorf, Germany).
Antibiotics such as penicillin and streptomycin were pro-
cured from Biosource International (Nivelles, Belgium).
Molar Hinton agar was purchased from Merck, Germany.
Double distilled water was obtained from Millipore water
purification system. All the other chemicals and reagents
used in the experiments were of analytical grade.

2.2 Organisms

AMJ13, human triple-negative breast cancer cell lines
were provided by the Biotechnology Research Center,
Al-Mustansiriyah University, Baghdad, Iraq. The cells
were cultured in sterile Falcon flasks (T 25 cm2, USA),
and supplemented with RPMI-1640 medium enriched
with L-glutamine (2 mM) and FBS (10%, 20mM) at a con-
dition of 5% of CO2, 37°C of temperature, and 1 atmo-
spheric pressure.

Clinical isolates, Escherichia coli (Gram negative) and
Staphylococcus aureus (Gram positive), were used to eval-
uate the anti-microbial activity of the prepared formula-
tions. The clinical isolates were provided by the Division
of Biotechnology, Department of Applied Sciences, University
of Technology, Baghdad, Iraq.

2.3 Preparation of AuNPs

AuNPs were prepared by chemical method. In brief, an
aqueous solution of HAuCl4·3H2O (MW 393.83 amu, 0.1mM,
10mL water) was let to boil on a hot plate at atmospheric
pressure under stirring, and at the boiling, trisodium citrate
(MW 294 amu, 0.3mM, 15mL water) was added in one
instance, heating was stopped, and stirring continued for
overnight at room temperature (22–25°C) [19].

2.4 CHR–AuNPs conjugation

Pure CHR (10 mg) was dissolved in 5 mL of DMSO and
stirred at 1,000 rpm for 15 min under room temperature
to obtain a homogeneous solution with complete and
clear visible solubility [20]. The CHR suspension was
added to the solution of AuNPs (1:9 mL) and stirred for
20 h, through overnight at room temperature. The color of

the solution changed to light violet, and the excess CHR
was removed by ultracentrifugation (13,000 rpm, 30min)
at the end of the reaction [21]. The percentage of conju-
gated CHR on the AuNPs were calculated using the fol-
lowing equation:

( )

= / ×

Drug loading %
Weight of chrysin in NPs Weight of NPs 100.

(1)

The CHR in vitro release from CHR–AuNPs was per-
formed as previously reported [20] with minor modifica-
tion. Briefly, 10mg of CHR–AuNPs was taken in a release
medium constituting PBS and DMSO at 37°C under agi-
tation. The pH was set at 7.4, and CHR is released for
different periods from 1 to 15 h, after each hour the mea-
surement of the CHR absorbance was recorded by the
UV-Vis spectrophotometer. The concentrations of the
released CHR from CHR–AuNPs were calculated using
the following equation:

( ) ( )= / ×Cumulative release ratio % Wr Wt 100, (2)

where Wr is the CHR weight in each release and Wt is the
weight of CHR–AuNPs taken.

2.5 Characterization of prepared NPs

For Fourier transform infra-red (FT-IR) analysis, a spectro-
photometer (8400S, Shimadzu, Japan) with a spectral
range from 4,000 to 400 cm−1 and a resolution of 4 cm−1

was used. An X-ray diffractometer was employed to
determine the crystalline state of the prepared samples
(XRD-6000, Shimadzu, Japan). The diffraction patterns
were obtained using the K copper incident beam (λ = 1.542°)
at 2 = 20–60° planes. The X-ray tube had 45 kV voltage
and 30mA current. For field emission scanning electron
microscopy (FE-SEM) analysis, MIRA 3 TESCAN was
used. To examine the shape and metallic presence, an
energy dispersive X-ray analysis (EDX) was performed.
The Zeta PALS instrument (UK) was used to measure the
zeta potential and particle size [22].

2.6 Cytotoxicity assay

Standard MTT assay was used to evaluate the cytotoxic
activity of the AuNPs, CHR, and the CHR–AuNPs nano-
formulation against AMJ13 cell lines [23]. The AMJ13 cells
were grown and maintained in Falcon® flasks containing
RPMI-1640 supplemented with 10% FBS, 100 units/mL
penicillin, and 100 µg/mL streptomycin. The cells were
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passaged twice a week with Trypsin-EDTA, reseeded at
80% confluence, and incubated at 37°C. The cell lines
were seeded at a density of 1 × 104 cells/well and treated
with AuNPs, CHR, and the CHR–AuNPs formulation at
various concentrations after 24 h, or when a confluent
monolayer was achieved. After 72 h of treatments, cells
viability was assessed by removing the medium, adding
28 µL of 2 mg/mL MTT solution, and incubating the cells
for 2.5 h at 37°C. Following the removal of the MTT
solution, the crystals in the wells were solubilized by
adding 130 µL of DMSO, followed by 15min of incuba-
tion at 37°C with shaking. The absorbance was mea-
sured using a microplate reader at 492 nm, and the
experiments were repeated thrice. The reduction in cells
proliferations (cytotoxicity) was calculated using the
following equation:

( )

( )

= − / ×

Cytotoxicty %
Ab contol Bb sample Ab control 100,

(3)

where Ab control is the absorbance of the control, while
Bb is the absorbance obtained for the tested samples.

Crystal violet staining was also used to investigate
the viability of the cells in the presence of AuNPs, CHR,
and CHR–AuNPs. The cells were seeded into 24-well
micro-titration plates at a density of 1 × 105 cells/mL
and incubated for 24 h at 37°C to visualize their shape
under an inverted microscope [24]. The cells were then
treated with the IC50 concentration of AuNPs, CHR, and
CHR–AuNPs for 24 h. The plates were stained with crystal
violet and incubated for 12 min at 37°C. Then, tap water
was used to remove the dye, and the cells were investi-
gated under the microscope at 40× magnification power,
where clear images of the cells were captured with a
digital camera attached to the microscope [25].

2.7 Anti-oxidant activity

Anti-oxidant activities of AuNPs, CHR, and CHR–AuNPs
formulations were measured using DPPH free radicals
scavenging method [26]. The tested samples (1 mL in
absolute ethanol) at four different concentrations, 1.3,
2.6, 12.5, and 25 μgmL were mixed with 450 µL of DPPH
solution. The standard positive control, ascorbic acid (at
a concentration of 10 µg/mL), was mixed with DPPH solu-
tion in the same manner. The reduction in the DPPH free
radicals color in response to the scavenging power of the
tested samples and ascorbic acid was measured spectro-
photometrically at 517 nm after 30min of incubation in
dark. The anti-oxidant activity of the samples, in terms of

their scavenging effects, was calculated from the fol-
lowing equation:

( )

= − / ×

Scavenging activity %
Ab control Ab sample Ab control 100,

(4)

where Ab control and Ab sample are the absorbance of
the control and test samples, respectively.

2.8 Anti-microbial activity

The anti-microbial activities of AuNPs, CHR, and CHR–AuNPs
were tested against human pathogens: S. aureus and E. coli.
The bacteria were extracted from their stock cultures using a
sterile wire loop [27]. To investigate the effects of AuNPs, CHR,
and CHR–AuNPs, the growth curves of the bacteria were
obtained. The microbial strains were cultured on Molar
Hinton agar plates at 37°C, with inoculations of 50mL of
nutrient broth on freshly cultured plates [28]. The bacteria
grew until the nutrient broth reached an optical density
(OD) of 0.1 at 600 nm, which corresponded to a microbial
concentration of 108 CFU/mL. The nutrient broth was then
supplemented with NPs, and microbial cultures (1 mL)
were added and incubated at 37°C for 12 h under slight
agitation. Microbial growth was determined using a spectro-
photometer by measuring the OD [29].

2.9 Statistical analysis

All the data were analyzed using the unpaired t-test,
which compared the studying groups at a significant
p-value of <0.05. All experiments were performed in tri-
plicate and data were calculated as the mean ± standard
deviation.

3 Results

3.1 NPs preparation and CHR conjugation

The AuNPs were prepared by chemical reduction method
utilizing trisodium citrate dehydrate and HAuCl4·3H2O.
A solution of HAuCl4·3H2O was reacted with trisodium
citrate dihydrate aqueous solution, and the reaction mix-
ture color changed from pale yellow to purple, and finally
to red, indicating the preparation of the AuNPs (Figure 1).
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Based on equation (1), the AuNPs conjugation to CHR was
15.2%, and the release kinetics of CHR in physiological
pH of 7.4 was performed using UV-Vis spectroscopy
(Figure 2). During the early phase of first hour, it was
∼25% release, in the second hour the release rate was
over 50%. In the sixth hour the (%) release rate reached
∼80%. From 6 to 9 h, the release was observed at above
85% and thereafter it stabilized for the rest of the total
15 h of the drug release period during the simulated
release experiment. The fast release of the drug was
observed from 9 to 15 h at ∼85%.

3.2 UV-Vis spectroscopy of prepared NPs

To confirm the formation and binding of AuNPs to CHR,
UV-Vis spectrophotometry was used. As seen from Figure 3,
the AuNPs’ UV-Vis spectrum showed absorption maxima
λmax at 520 nm. While the CHR, a light yellowish solution,

showed the UV absorption maxima at λmax 268 nm. The
absorption maxima for CHR–AuNPs was exhibited at 260
and 550 nm λmax values.

3.3 FT-IR spectroscopic analyses

The FT-IR spectrum (Figure 4) of CHR exhibited absorp-
tions at 3012.79 cm−1 (OH), at 2929.87, 2713.84, and

Figure 1: Samples: (a) AuNPs preparation, (b) CHR solution, and
(c) CHR–AuNPs preparation.

Figure 2: Release profile of CHR from the CHR–AuNPs
nanoformulation.

Figure 3: UV-Vis spectroscopic spectra: (a) AuNPs, (b) CHR, and
(c) CHR–AuNPs.
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Figure 4: FT-IR spectroscopic analyses: (a) CHR, (b) AuNPs, and (c) CHR–AuNPs.

Gold nanoparticles conjugated chrysin: pilot trial on activity enhancements  2731



2630.91 cm−1 (C‒H stretchings), and at 1653.00 cm−1 (α,β-
unsaturated carbonyl, C]O). The bands at 1355.96 and
1028.06 cm−1 (C‒O‒C) and 840.96 and 731.02 cm−1 (aromatic
character) were observed. The AuNPs-CTT absorptions at
3419.79 cm−1 (O‒H stretching), 2987.74 and 2931.80 cm−1

(C‒H stretchings), at 1583.56 cm−1 (C]O) group, and at
1398.39 cm−1 (ether function) were observed for the citrate-
surface AuNPs. The CHR–AuNPs absorption at 3448.72 cm−1

(O‒H), at 2960.73 and 2935.66 cm−1 (CH stretchings), at
1587.42, 1463.97, and 1390.68 cm−1 (aromatic C]C bonds),
and 1276.88 cm−1 (C‒O stretchings) were observed.

3.4 X-ray diffraction (XRD) analyses

Crystal structures of CHR, AuNPs, and CHR–AuNPs were
confirmed by the XRD analysis (Figure 5). The AuNPs’
diffraction peaks were observed at 30.56°, 38.12°, 44.18°,
and 56.35°, which verified the face-centered polycrystal-
line cubic structure. The crystallinity of AuNPs was com-
pared with the available XRD pattern in the database,
JCPDS 00-004-0784 [30]. The CHR showed strong 2θ peaks
at 7.18°, 12.60°, 14.92°, 17.75°, 92.14°, 27.34°, and 27.68°,
indicating a more crystalline structure. When CHR was
loaded onto AuNPs, five peaks were observed, i.e., 23.5°,
27.55°, 38.15°, 44.01°, and 57.45°.

3.5 FE-SEM and EDX analyses

FE-SEM images (Figure 6) exhibited relatively spherical
shapes of the AuNPs with 17.37–25.90 nm size range.
CHR–AuNPs nano-preparation showed spherical, nearly
homogenous composition with size ranging between 31.53
and 38.58 nm. The CHR EDX analysis showed the presence
of C and O, the AuNPs EDX analysis showed the presence
of Au (51.76%,main component), while CHR–AuNPs showed
the presence of Au, C, and O elements, as shown in Figure 6;
right lane.

3.6 ζ-potential analyses

CHR ζ-potential and mobility were −161.00 and −3.30,
respectively. The AuNPs carried −31.54 mV ζ-potential,
and the mobility was −2.46, while the CHR–AuNPs carried
−48.92mV ζ-potential, and mobility was −3.82 (Figure 7).

3.7 Cytotoxicity testing against AMJ13 cell
lines

The CHR–AuNPs exhibited higher anti-cancer activity
against AMJ13 breast cancer cell lines in comparison to
CHR and AuNPs with concentration-dependent cytotoxi-
city (Figure 8). At 100 µg/mL CHR–AuNPs concentration,
highest 89% cytotoxicity was observed, while at 6.25
µg/mL, 17% cytotoxicity was observed for the CHR–AuNPs
as compared to the control group. The AuNPs treatment

Figure 5: XRD analyses: (a) CHR, (b) AuNPs, and (c) CHR–AuNPs.
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was 73.3% effective at 100 µg/mL, whereas CHR treatment
was 41.5% effective. At 6.25 µg/mL, AuNPs were effective at
8.9% and CHR was effective at 4.6%.

Crystal violet staining and microscopic examination
(Figure 9) demonstrated stronger cytotoxic impacts of
CHR–AuNPs against the AMJ13 cell lines. CHR–AuNPs caused
cell shape changes, cell size reduction, cell clustering with
reduced cell extensions, and shrinkage of nuclei. These
changes were absent in non-treated cells (Figure 9).

3.8 Anti-oxidant activity

The anti-oxidant activity of CHR, AuNPs, and CHR–AuNPs,
measured at four different concentrations (Figure 10),
showed highest free radicals scavenging at 25 μg/mL for
all the preparations and the CHR, as compared to the stan-
dard, ascorbic acid. The CHR–AuNPs exhibited 91.33%
efficacy, while the AuNPs radical scavenging efficiency
was 74.89%, and the CHR showed an efficacy of 52.1%.

Figure 6: FE-SEM, and energy dispersive analysis (EDX): (a) CHR, (b) AuNPs, and (c) CHR–AuNPs.
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The lowest concentration, 3.1 µg/mL, showed an efficiency
of nearly 15, 25, 30, and 100% for CHR, AuNPs, CHR–AuNPs,
and the ascorbic acid, respectively.

3.9 Anti-microbial activities

CHR–AuNPs were found the most effective, and showed
highest rate of microbial inhibitions against S. aureus
and E. coli (Figure 11). The inhibition efficiency was fol-
lowed by AuNPs and CHR which was concentration
dependent for all the three preparations, CHR, AuNPs,
and CHR–AuNPs.

Figure 7: The ζ-potentials: (a) CHR, (b) AuNPs, and (c) CHR–AuNPs.

Figure 8: Cytotoxic effects: CHR, AuNPs, and CHR–AuNPs on AMJ13 cell
lines; n= 3, N.S., non-significant, *P < 0.05, **P < 0.01, and ***P < 0.001.
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4 Discussion

CHR, a naturally occurring dihydroxy flavone, is found in
passionflower, silver linden, certain geranium species,
and is also present in honey and bee propolis [31]. CHR
is also used as nutraceutical, and is popular as a supple-
ment for bodybuilding. The compound is used for anxiety,
inflammation, gout, HIV/AIDS, erectile dysfunction (ED),
and baldness, although no pharmacological evidence
has been provided. The compound is also suspected to

increase the male hormone, testosterone, levels. The
product is found to protect against neurological changes,
improve behavioral patterns, and cognitive functions in
Parkinson’s disease. It is also anti-inflammatory, anti-neo-
plastic, anti-oxidant, hepatoprotective, and myosin-light-
chain inhibitor in its functions [32,33]. Additionally, CHR
has been also reported for its beneficial applications in the
treatment of aging, protection against UVA- and UVB-
induced skin injuries in experimental animals [34,35].

The need for CHR’s better formulation, controlled
delivery, increments in gut absorptions, and enhanced
bioavailability was proposed to overcome the aqueous
solubility of the compound. Nanoformulation techniques
have been adopted to overcome the comparative increased
lipophilicity of this flavonoid product which lacks any gly-
cosidal moiety and is devoid of any hydrophilic substitu-
tions, especially hydroxyl groups, commonly present in
majority of flavonoids (Figure 12).

The nanoscale polymeric conjugation, nanoencapsu-
lation, micellar loading, nanoemulsion, aqueous polymeric
nanodispersions, cyclodextrin inclusion, nanoliposomes,
nanoscale moiety-tagging, and nanometal carriers have
been among the important methods to modulate the
delivery of the many of the lipophilic products to achieve
the therapeutic goals through increased bioavailability,
notwithstanding the oral delivery route [36]. The metal

Figure 9: Morphological changes: changes in AMJ13 cell lines stained with crystal violet dye after treatment with CHR, AuNPs, and
CHR–AuNPs: (a) non-treated control cells, (b) CHR-treated cells, (c) AuNPs-treated cells, and (d) CHR–AuNPs-treated cells.

Figure 10: Anti-oxidant activity: CHR–AuNPs, CHR, and AuNPs
at different concentrations; n = 3, *P < 0.05, **P < 0.01, and
***P < 0.001.
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NP tagging of drugs has provided specific drug targeting,
chosen on-site delivery, reduction in toxicity, increased
therapeutic efficacy, enhanced safety, biocompatibility,
reduced toxicity, and faster development of safe formula-
tions [37]. In this context, the use of gold nanoscale plat-
forms, including gold nanorods, gold nanoclusters, AuNPs,

colloidal gold tagging of drugs, and bio-based entities for
therapy and diagnosis have been developed [38]. The
AuNPs have proved to be inert, safe, least toxic, tunable,
mostly monodisperse nature with synthetic protocols well-
developed to produce size and shape differentiated nano-
entities, and flexible to surface modifications. The AuNPs

Figure 11: Anti-microbial activity: CHR, AuNPs, and CHR–AuNPs anti-microbial activity against (a) S. aureus, (b) E. coli. The values represent
mean ± s.d.; n = 3, N.S., non-significant, *P < 0.05, **P < 0.01, and ***P < 0.001.

Figure 12: The CHR structure and properties: ball stick, space-filling models, physico-chemical, and biological properties.
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tagged drugs are known to resist enzymatic degradation,
and have been used to improve poor pharmacokinetics of
drugs, its solubility, cancer tissue uptake of the drugs, and
can simultaneously engage to adjacent and multiple recep-
tors [39]. Nonetheless, the approach to AuNPs synthesis
including the biogenetic, biomimetic, green, environmen-
tally-sustainable, microbial, physical, light amplification by
stimulated emission of radiation (LASER), and chemical
reduction methods have been developed. Some of these
methods have made available the synthesis of AuNPs
defining the size, shape, and surface coatings through
facile, robust, and quick procedures [40].

The citrate reduction method for producing AuNPs is
preferred owing to the ease with which AuNPs can be
dispersed in water, and the negative charges of the citrate
ions found on the AuNPs surface provide the needed stabi-
lity to the monodispersed aqueous solution. The reduction
of tetrachloroauric acid (HAuCl4) by citric acid was intro-
duced by Turkevich et al. [41] and later modified by Frens
[42]. The citrate ions act both as reducing agent and a sur-
face capping agent. The reaction goes without the concern
for pH and the particle size decreases with the increase in
ratio of the citric acid to the auric acid up to 3.5:1.

The prepared AuNPs also confirmed the surface-plas-
monic resonance of the gold metallic NPs and the color-
based observations during the preparation of the AuNPs
which exhibited distinct color changes (Figure 1). More-
over, for the cancer cell uptake, NPs under 50 nm have
been reported to be allowed access to the cancer cells,
where they bind to the cellular sites. Because of their
ability to bind to the cell membrane, the AuNPs provide
better drug delivery options. The negatively charged
citrate coated AuNPs, and the aqueous solution of free
chrysin, as examples of gold nanoparticles and molecular
entity, are being suggested to provide ionic and hydro-
phobic interactions, respectively, while the prepared
final formulation, gold nanoparticles-conjugated-chrysin,
CHR-AuNPs, apparently facilitated the biochemical inter-
actions against the cancer cell lines to produce the cyto-
toxic effects [43,44]. The present findings indicated that
the NPs were stable in solution, as described by the litera-
ture [45]. The zeta potential varies depending on the sur-
face charge of dispersion, and higher values imply greater
physical stability. At least ±30mV are required to prevent
flocculation and maintain stable dispersion, more than
60mV confer excellent stability, although value as higher
as 100mV can be obtained. A value of 20mV confers
short-term stability, whereas those ranging between −5
and 5mV demonstrate fast aggregation [45]. Zeta potential
value can also be employed to indicate if the encapsulation
of an active, charged material occurs within the center of
the NP or on its surface [21].

The UV absorption λmax change from the AuNPs values
at 520 nm, to the CHR–AuNPs at 570 nm demonstrate the
ability of the AuNPs to bind to the CHR molecules, wherein
the UV absorption λmax value for the CHR was observed at
268 nm which falls in the UV range, while the absorption
change from 520 to 560 nm, of the CHR–AuNPs, falls in
the visible range of the spectrum, again demonstrating
the plasmon resonance phenomenon, and changes in the
optical properties of the CHR–AuNPs, showed the presence
of strong CHR, λmax at 268, and the conjugated AuNPs
with UV-Vis absorption λmax value at 560 nm (Figure 3).
However, several other factors, including particle size, mor-
phology, and probable aggregation determines the absorp-
tion maxima [46]. Furthermore, towards establishing the
identity of the CHR–AuNPs preparation, the FT-IR spectrum
(Figure 4) of CHR, AuNPs, and CHR–AuNPs exhibited char-
acteristic infra-red vibrational absorptions of the consti-
tuent functional groups. The OH stretching vibration fre-
quencies of the CHR were found centered at 3012.79 cm−1

indicating the presence of alcoholic functions in the flavo-
noid structure, while the stretchings at 2929.87, 2713.84,
and 2630.91 cm−1 indicated the presence of the aromatic
CH bonds, while the α,β-unsaturated carbonyl (C]O)
appeared at 1653.00 cm−1. The FT-IR spectrum also indi-
cated the characteristics of an aromatic product with
needle-sharp peaks and peaks observed at 840.96 and
731.02 cm−1, the typical aromatic character’s absorption
peaks. The IR absorptions observed at 3419.79 cm−1 indi-
cated the presence of O‒H stretching vibrations, while
absorptions at 2987.74 and 2931.80 cm−1 indicated the CH
stretching vibrations. The absorption peak at 1583.56, con-
firmed the presence of C]O group, while the absorption at
1398.39 cm−1 was confirmed for ethereal functionality of
the citrate surface AuNPs. The spectrum also displayed
non-aromatic characteristics of the product where no aro-
matic system related absorptions were observed together
with non-sharp, somewhat rounded-tip, and lesser peaks.
The FT-IR spectrum of CHR–AuNPs showed absorption
peak at 3448.72 cm−1 belonging the hydroxyl group (O‒H),
while the CH stretchings were reflected by the absorptions
bands observed at 2960.73 and 2935.66 cm−1. The absorp-
tion at 1587.42 cm−1 for the metal conjugated C]O, at
1463.97 and 1390.68 were attributed to aromatic C‒C
bonds, and the aromatic C–O stretchings were observed
at 1276.88 cm−1. All the CHR, AuNPs, and CHR–AuNPs
specific peaks have been observed which exhibited the
plausible hydrogen bond, as well as the electrostatic and
protonated carbonyl groups’ strong associations with the
anionic AuNPs [47]. The functional groups IR confirma-
tion, together with the XRD and EDX analyses provided
the final conformity to the prepared structure. According
to the XRD analysis results obtained, the final product
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was confirmed to be molecularly dispersed, and in an
amorphous state. Since the CHR coupling interaction
did not affect the size of the mineral core, the changes
in the NP size, and the observed differences were attrib-
uted to the organic envelope of the NP structure [48].
The percentage of carbon and oxygen compositions in
the drug-loaded AuNPs was high, thereby confirming
that CHR was conjugated with the AuNPs. The anionic
nature of the preparations and their size determinations
were also obtained from the ζ-potential and the SEM
analyses. The high, −30 mV, ζ-potential value confirmed
the stable nature of the product (Figure 7) [49]. The sur-
face charge of the NPs also determines the drug’s affinity
for NPs [50]. The high ζ-potential is also used to interpret
the surface attachments of the NPs [51]. The ζ-potential
values are also a driving factor for biodistribution [52]. It
is a design guide for the rational nanomedicine for pro-
viding maximum therapeutic efficacy and bioaccumula-
tion predictability in vivo, where particle size and surface
charge controls are critical [53].

The CHR–AuNPs exhibited higher anti-cancer activity
against AMJ13 breast cancer cell lines in comparison to
CHR and AuNPs with concentration-dependent cytotoxicity
(Figure 8). At 100 µg/mL CHR–AuNPs concentration, highest
89% cytotoxicity was observed, while at 6.25 µg/mL, 17%
cytotoxicity was observed for the CHR–AuNPs as compared
to the control group. The AuNPs treatment was 73.3% effec-
tive at 100 μg/mL, whereas CHR treatment was 41.5%
effective. At 6.25 μg/mL, AuNPs were effective at 8.9%
and CHR was effective at 4.6%. CHR–AuNPs were much
more cytotoxic than free CHR, indicating that the anti-
cancer efficacy of CHR has improved since it was functio-
nalized with AuNPs. An overall increase of nearly 18×
(85%) was obtained through nanoformulation as com-
pared to the pure CHR.

The concentration of synthetic CHR–AuNPs used in
this study was significantly lower than that of CHR. Cell
viability decreases as NP concentrations rise, implying
that more NPs can be accumulated inside cells, resulting
in increased stress, and eventually cell death. The size,
shape, surface area, and surface actuations affect NPs
biokinetics and toxicity. The CHR–AuNPs inhibited cell
proliferation and growth in human breast cancer cell
lines, AMJ13, in a concentration-dependent manner (P < 0.05).
The CHR–AuNPs showed stronger cytotoxic effects than CHR,
indicating that nano-based CHR is better bioavailable,
more outreached to the cancer cell lines, and co-activated
in conjugation with the AuNPs. Although the concentra-
tion of CHR–AuNPs used in this study was much lower
than that of the pure CHR, the decreased cell viability
observed as the CHR–AuNPs concentration increased,

indicated that more NPs were able to accumulate within
cells, and thereby putting stress to the cells, and conse-
quently killing them. The cell death rates were dose-depen-
dent, which could be because of the apoptosis, or necrotic
activity, and that would be interesting to investigate the
mechanism of cancer cells death.

The cytotoxic effects of CHR, AuNPs, and CHR–AuNPs
as shown in AMJ13 cancer cell lines were also proved by the
crystal violet staining and the microscopic examination after
24h of the dose-delivery (Figure 9). The CHR–AuNPs demon-
strated stronger cytotoxic impacts against the AMJ13 cell lines.
The results prove that CHR–AuNPs caused several impacts,
such as changes in the cells shape, reduction in cells sizes,
clustering of the cancer cells with a reduced number of cell
extensions, suggestive suppressed inter-cellular communica-
tions, and shrinking of the nuclei. However, these impacts
were absent in non-treated cells (Figure 9). The observations
confirned the cytotoxic activity of the CHR–AuNPs conclu-
sively against human breast cancer cell lines AMJ13.

The anti-oxidant potentials of the CHR, AuNPs, and
CHR–AuNPs were observed at 1.3, 2.6, 12.5, and 25 μg/mL,
which revealed that the CHR significantly reduced the
levels of DPPH free radicals in a concentration-dependent
manner, with 25 μg/mL concentration performing signifi-
cantly better than the other concentrations (Figure 10).
The CHR–AuNPs were found to have higher, 91.33%,
ability to quench the DPPH radicals than the CHR and
AuNPs which showed 51.2 and 74.89% anti-oxidant activity
as compared to the control ascorbic acid, which can be
attributed to the increased surface energy and the catalytic
potential of the CHR–AuNPs’. The anti-oxidants can donate
electrons to the reactive radicals, and convert them to stable,
non-reactive forms [54]. The anti-oxidant potential also
resumed importance owing to the observations that the free
radicals biology has been known to involve in the patho-
genesis of several diseases, including cancers. The high
anti-oxidant potential of the CHR–AuNPs preparation is
in accordance with the increased cytotoxic effects of the
preparation in comparison to the anti-oxidant potentials
of the CHR and the AuNPs, and their cytotoxic effects.

The nano-CHR, CHR–AuNPs, was also more effective
as an anti-microbial preparation, and showed higher
rates of microbial inhibitions against microbial isolates,
S. aureus and E. coli, which were observed after treatment
with different concentrations, 25.31, 62.5, 125, and 250μg/mL,
of the preparation of CHR–AuNPs (Figure 11), and the anti-
microbial activity was found to be concentration -dependent.
The CHR–AuNPs exhibited highest anti-microbial inhibition
rate, much higher than the AuNPs and pure CHR, thereby
indicating that the pure CHR improved its anti-microbial
efficacy when conjugated with the AuNPs. In addition, the
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AuNPs showedmoderate anti-microbial properties, while the
flavonoid CHR showed lesser anti-microbial activity.

The anti-microbial activity against the Gram-positive
and Gram-negative bacteria, S. aureus and E. coli, respec-
tively, followed similar patterns of the dose-dependent
activity elicitations. The concentration of CHR on the
AuNPs surface may have increased their ability to inhibit
the bacteria. The mechanisms of microbial inhibitions
have been reported to include several pathways, and
activities including inhibition of DNA synthesis, alteration
of cytoplasmic membrane functions, inhibition of energy
metabolism, ligand reductions of the cells, formation of
biofilms, inhibition of purines on the cell membrane,
alteration of membrane permeability, and damage to the
cytoplasmicmembrane. The anti-microbial activity of NPs has
been studied against Bacillus subtilis, S. aureus, Pseudomonas
aeruginosa, Campylobacter jejuni, and E. coli. The Gram-nega-
tive microbial strains have thin peptidoglycan layer, and an
outer lipopolysaccharide membrane, which is a barrier to cell
entry of the negatively charged reactive oxygen species (ROS)
[55], while the Gram-positive bacteria allowed entry of nega-
tively charged ROS. Moreover, the anti-microbial activity of
NPs is dependent on the particle size. It was demonstrated
that decreasing the particle size of the NPs resulted in enhan-
cing the anti-microbial activity [56]. Jones et al. [57] compared
the activityMgO, TiO2, Al2O3, CuO, CeO2, and ZnONPs against
S. aureus. Their results demonstrated that the ZnO NPs
showed significant anti-microbial activity. The activity was
size dependent and differently-sized ZnO NPs were used in
the ranges of >1 μm, 8nm, and 50–70nm. Their results con-
firmed that the small-sized, 8 nm of ZnO NPs was the best in
terms of anti-microbial activity. In addition, some studies also
referred to the toxicity mechanism of the metal oxide NPs
against microbial strains which was also related to their
size, morphology, and electrostatic attractions [58]. However,
another study reported by Jiang et al. [59] suggested that the
NPs affinity to aggregate and attach to the microbial surface
may also contribute to NPs toxicity. Additionally, Aruoja et al.
[60] suggested that the bactericidal effects of NPs might be
specific to the type of metal oxide NPs, and it is a well-known
fact that the metallic ions NPs have high affinity for electron-
rich molecules, such as, the genetic material DNA. Moreover,
Jose et al. [61] demonstrated that the NPs could interact with
the isolatedDNAmolecules, and also cause a dose-dependent
degradation.

5 Conclusions

The CHR–AuNPs were prepared through simple and effi-
cient chemical method of AuNPs synthesis, and the AuNPs

conjugation to the CHR molecules was carried out. The
products’ physico-chemical characterizations and preli-
minary trial of biological studies were performed on an
initial pilot test scale which included the anti-oxidant,
anti-microbial, and cytotoxic activity. It was found that
the CHR–AuNPs preparation possessed strong cytotoxicity
against human breast cancer cell lines, AMJ13, as well
as showed strong anti-oxidant potential and significant
anti-microbial activity against Gram-positive and Gram-
negative microbial strains, S. aureus and E. coli. The
CHR–AuNPs has the potential to be used as an effective
therapy as well as a co-therapy agent as part of multiple
formulations-based treatments to control and combat the
breast cancer. However, more experimentations in this
regard are suggested.
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