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Abstract. The aim of this study is to green-synthesize gold nanoparticles (GNPs) by leaf infusion of Achillea wilhelmsii
(AW) and to evaluate their biological effects. The synthesized AW-GNPs were characterized by UV-Vis spectroscopy,
Fourier transform infrared, X-ray diffraction (XRD), transmission electron microscopy (TEM) and dynamic light scattering
analyses. The antibacterial and cytotoxicity activities of AW infusion and AW-GNPs were evaluated. Antioxidant activity
was evaluated by 1, 1-diphenyl-2-picrylhydrazyl test. Moreover, the electrochemical activity of AW-GNPs as a modifier at
a glassy carbon electrode (GCE) was studied. The surface plasmon resonance absorption band at 540nm in the UV-Vis
spectrum discloses the reduction of gold cations into GNPs. The XRD pattern of GNPs shows the crystal structure of AW-
GNPs, and TEM image displays the spherical shape of GNPs with small size (2.7-38.7 nm). The AW infusion and AW-GNPs
demonstrated a maximum antioxidant activity of 68 and 58%, respectively. AW-GNPs showed antibacterial activity against
gram-positive bacteria, without affecting gram-negative bacteria. Also, AW-GNPs exhibited the cytotoxicity effects against
MDA-MB-468 cancer cell line, and the electrochemical study indicated a significant electrocatalytic activity of AW-GNPs.
The results indicate the advantages of using AW leaf infusion for the production of GNPs with antibacterial, antioxidant,

cytotoxic and electrocatalytic activities.
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1. Introduction

These days, with the enormous progress in
nanobiotechnology, gold nanoparticles (GNPs) have been
applied in biomedical sciences [1], including biotechnol-
ogy [2], microbiology [3], oncology, drug delivery [4],
tissue/tumour imaging, photothermal therapy [5] and nucleic
acid labelling [6]. There are different physical [7] and chemi-
cal [8] methods for producing GNPs. However, these methods
have several drawbacks, e.g. the instability and agglomera-
tion of nanoparticles, the difficulty in controlling the growth
of crystals and the toxicity of chemicals [9,10]. As an alter-
native, green synthesis of GNPs represents interesting topics
and draws more attention to the rapidly growing area of nan-
otechnology [11].
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For the green synthesis of GNPs, numerous plants’
extracts have been applied as reducing and stabilizing agents.
Among them, the medicinal plants show more advantage
because of the synergistic effect of their therapeutic
ingredients.

Achillea wilhelmsii (AW) is the most essential medic-
inal plant and belongs to the Asteraceae (Compositae)
family; this genus encompasses over 120 species world-
wide [12]. AW is widespread all over the world, and its
species have been used as a folk or traditional herbal
medicine [13]. It is native in Western Asia and Europe,
although it is found in North America, Australia, New
Zealand [14] and different parts of Iran (with the local
name of ‘Boomadaran’) [15]. Biological activities of AW
include anti-hypertensive and anti-hyperlipidemic [16,17],
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anti-inflammatory [18,19], anti-tumoural [20], antispasmodic
[21], antioxidant [22,23] and antibacterial [24,25], which
are relative to its secondary metabolites, e.g. alkaloids
(achilleine), flavonoids, cineol, sesquiterpenoids, a- and
B-pinen, camphor, rutin, thujene, caryophyllene, borneol,
volatile oils and monoterpenoids [26-28].

Andeani et al [29] showed the capacity of AW flower
extract for the synthesis of GNP, but their study was limited
to physical characterization of particles. In the current study,
we introduce a safe, non-toxic and eco-friendly synthesis of
GNPs by AW leaf infusion as a reductant and stabilizer. To
the best of our knowledge, this is a complete and compre-
hensive report on the antibacterial, antioxidant, cytotoxic and
electrocatalytic properties of GNPs synthesized with AW leaf
infusion.

2. Experimental

2.1 Materials

Chloroauric acid (HAuCly), dimethyl sulphoxide (DMSO), 3-
(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide
(MTT), 1, 1-diphenyl-2-picrylhydrazyl (DPPH), Mueller—
Hinton agar and broth, methanol, Folin—Ciocalteu reagent,
aluminium chloride (AICl3), gallic acid and quercetin were
purchased from Sigma-Aldrich, USA. Other analytical grade
compounds were used without any further purification and
purchased from Merck, Germany. MDA-MB-468, BTC-3
cell lines and all microorganisms, including Bacillus subtilis
(ATCC 6633), Staphylococcus epidermidis (ATCC 12228),
Escherichia coli (ATCC 25922) and Salmonella enterica
(ATCC 9270) were purchased from Pasteur institute Cell
Bank, Tehran, Iran. Fibroblast as the normal cell was iso-
lated by the procedure described in our previous work [30].
All the cell culture ingredients were supplied from Auto-cell
Co., Poland.

2.2 Preparation of infusion from AW leaf and synthesis of
GNPs

AW leaves were collected in the Islamabad-e Gharb Moun-
tain surrounding Kermanshah (Iran) at an altitude of 1600 m
above sea level in May 2017. To avoid variation in com-
position and concentration of secondary metabolites, leaves
were harvested one time and in one day. The plant species
was recognized by Dr Nastaran Jalilian, Forests and Range-
lands Research Department, Razi University, Kermanshah,
Iran. After washing and drying the leaves, dried leaves were
milled to produce a fine powder. Then, a 5% suspension was
prepared by adding 100ml of boiling distilled water to 5g
of the powder, and the mixture was stirred at boiling point
for 15 min; the mixture was cooled down; the cooled mix-
ture was centrifuged for 20 min at 8000 rpm and filtered with
a filter paper (No. 1) to achieve a transparent infusion. In
order to synthesize GNPs, the infusion was added to 1 mM
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chloroauric acid solution in a ratio of 1:9 (v/v %) and stirred
at 60°C. After 5 min, the heat supply was cut off, and the solu-
tion was stirred at ambient temperature until a colour change
was observed from yellow to dark purple, indicating the for-
mation of AW-GNPs.

2.3 Characterization of GNPs

2.3a  UV-Vis spectroscopy analysis: UV-Vis analysis was
carried out using a Specord 210 plus (Analytik Jena, Ger-
many) over the wavelength range of 300-800nm, and a
resolution of 1nm to confirm the synthesis of GNPs, indi-
rectly. The wavelength range of surface plasmon resonance
(SPR) for GNPs is 500-550nm [31].

2.3b FT-IR spectroscopy analysis: The functional groups
of the infusion and AW-GNPs were characterized by Fourier
transform infrared (FT-IR) spectroscopy. FT-IR analysis was
carried out using an IR Prestige-21 Shimadzu Spectrometer,
Kyoto, Japan, in the spectral range of 400-4000 cm ™! (resolu-
tion of 4 cm™!) at room temperature using potassium bromide
pellets.

2.3c  XRD analysis: To confirm the crystalline nature of
the synthesized AW-GNPs, X-ray diffraction (XRD) spectrum
was recorded using an APD 2000 X-ray generator (Novara,
Italy), which worked at 40 kV and 30 mA with Cu K-alpha
radiation.

2.3d Transmission electron microscopy analysis: Trans-
mission electron microscopy (TEM) has been applied for
characterization of the morphology and particle size of AW-
GNPs using a LEO 906 microscope (Carl Zeiss, Germany),
with 100kV accelerating voltage. Before analysis, GNPs were
deposited on carbon—copper grids.

2.3e  Dynamic light scattering and zeta potential: The
particle size and surface charge of AW-GNPs were mea-
sured using a Nano ZS Zetasizer (Malvern Instruments Ltd.,
Worcestershire, UK) at the wavelength of 632.8nm and
at 25°C. The laser doppler electrophoresis technique was
applied to determine the zeta potential of AW-GNPs in water.

2.4 Phenolic and flavonoid assays

The contents of phenolic compounds of AW infusion and AW-
GNPs were measured by the Folin—Ciocalteu method [32];
0.25 ml of AW infusions or AW-GNPs suspensions was added
to 1.25ml of Folin—Ciocalteu reagent (0.2 N fresh solution).
After Smin, 1 ml of sodium carbonate (75 g 1=!) was added to
the mixture. After 2 h incubation at ambience, the absorbance
of samples at 760 nm was measured. The calibration curve was
drawn using gallic acid as a standard, and the total phenolic
content calculated via this standard curve was expressed as
lg gallic acid equivalent (W GAE) per g of dry weight (gDW).
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The total flavonoid content was determined by the Quettier-
Deleu [33] method with a brief revision. An aluminium
chloride solution containing 2% methanol was added to AW
infusions of different concentrations and AW-GNPs, and the
absorbance was determined at 415 nm. The standard curve of
Quercetin was used to measure the total flavonoid content in
terms of g Quercetin equivalent (WQE), shown as lQE per
gDW.

2.5 DPPH antioxidant assay

The antioxidant ability of AW infusion and AW-GNPs was
anticipated by measuring DPPH activity [34]; 0.5 ml of AW
infusion and AW-GNPs at concentrations of 50, 100, 150,
200, 250 and 300 pg ml~! were mixed with 0.5 ml of DPPH
solution (0.1 mM solution in methanol), and well-shaken mix-
tures were stored in dark environment for 30 min. Finally, the
absorbance of each mixture was recorded at 517nm using
the UV-Vis spectrophotometer. Absorbance of a mixture of
0.5 ml methanol and 0.5 ml DPPH solution was recorded as a
control. Antioxidant activity was determined [4] by the fol-
lowing equation:

antioxidant activity (%)
= [(OD control —OD sample)/OD control] x 100. (1)

2.6 MTT assay

The cytotoxicity of AW infusion and AW-GNPs at various
concentrations (10, 25, 50, 100, 150 pg ml_l) was evalu-
ated by MTT assay [35]. MDA-MB-468 (a breast cancer
cell line), PTC-3 (a pancreatic cancer cell line) and normal
human fibroblast cells were applied in this study; 180wl
of cell suspension at the concentration of 10000 cells per
well was seeded on the wells of clear-bottom 96-well tis-
sue culture plates. Dulbecco’s Modified Eagle’s Medium
(DMEM)-F12 supplemented with 10% Fetal Bovine Serum,
50 units ml~! Penicillin and 50 pgml~! Streptomycin was
used as a medium. Plates were incubated in a CO, incubator
(37°C, 5% CO,, 95% humidity) for 24 h; later, 20 1 of treat-
ment solutions at different concentrations was added into each
well, and the plates were incubated for further 48 h. Cells were
then incubated with fresh medium containing 0.5 mg ml™!
MTT for 4 h. Finally, wells were washed with PBS; 150 ml of
DMSO was added to each well to dissolve the formazan crys-
tal, and ultimately, the absorbance was measured at 540 and
630nm using an ELISA plate reader (Synergy H1, Biotek,
USA). Percentage of cell viability was calculated by the fol-
lowing equation:

cell viability (%) = (A540 — A630)s/(A540 — A630)c
x 100 ©))

where (A)s is the optical absorbance of the samples and (A)c
is the optical absorbance of the standard samples.
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2.7 Antimicrobial activities

To compare green synthesis to chemical one in the antibacte-
rial study, chemical gold nanoparticles (ChGNPs) synthesized
by citrate reduction method were used [36]. For evaluating the
antibacterial effects of AW infusion, ChGNPs and AW-GNPs,
the CLSI-MO07-A8 method was applied. Total counts of iso-
lated strains of gram-negative (E. coli and S. enterica) and
gram-positive (S. epidermidis and B. subtilis) bacteria were
standardized to equivalent at 1 x 108 CFU ml~' (0.5 Mac
Farland standard) using Mueller—Hinton broth. Agar well dif-
fusion method and the broth dilution susceptibility assay were
applied to study antibacterial activity.

2.7a  Well diffusion assay: To measure the antibacterial
effects of AW infusion and AW-GNPs on gram-negative
and gram-positive bacteria by the well-diffusion method,
1 x 108 CFU ml~! of bacteria suspensions was inoculated
onto Mueller—Hinton agar plates; 100 il of AW infusion or
AW-GNPs (at concentrations of 16.75, 33.5, 75, 150 and
300 g ml™!) was added into the 6 mm diameter wells; after
incubation of the plates at 37°C for 24 h, the inhibition zone
was calculated using a ruler.

2.7b  Minimum inhibitory concentration: Bacterial cells
were cultured into 96-well plates at the final concentration of
1 x 108 CFU ml1~". Later 50 1 of AW infusion or AW-GNPs
at concentrations of 16.75, 33.5, 75, 150 and 300 ng ml~!
was added to wells as the serial solution, and after 24h at
37°C, the cell number was counted; the positive and nega-
tive controls were the bacteria-inoculated medium and pure
medium, respectively. The minimum inhibitory concentration
(MIC) was calculated based on the lowest concentration of
AW infusion or AW-GNPs that is necessary for the inhibi-
tion of the bacterial growth. If there was no bacterial growth
after inoculation in plate agar, that was taken as the minimum
bactericidal concentration (MBC) [37].

2.8  Electrochemical measurement procedure

Electrochemical experiments were performed using an Auto-
lab PGSTATI101 potentiostat/galvanostat (Eco Chemie,
Netherlands) controlled by NOVA Auto-Lab software. An
Ag/AgCl/KCI (3.0 M) as a reference electrode, a platinum
wire as a counter-electrode and a glassy carbon electrode
(GCE) or a modified GCE with GNPs as the working elec-
trode in a conventional three-electrode cell were used, and all
experiments were performed at ambient temperature.

To prepare the modified GCE, the GCE was polished
with emery paper followed by alumina (1 and 0.05 wm) and
then washed with distilled water; 10 il of AuNPs suspen-
sion (1 mgml~') was cast on the surface of GCE, and the
solvent was let to evaporate at room temperature. The elec-
trocatalytic activity of AW-GNPs for 1.0mM ascorbic acid
(AA) and 1.0mM dopamine (DA) oxidation was character-
ized by cyclic voltammetry (CV) in PBS (0.1 M, pH 7.4) [38].
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Figure 1. (a) UV-Vis spectra of GNPs biosynthesized by AW infusion, (b) XRD spectrum of AW-GNPs, (¢) TEM
image of AW-GNPs, (d) particle size distribution of AW-GNPs and (e) FT-IR spectrum of AW infusion and AW-GNPs.

3. Results and discussion

3.1 Characterization of AW-GNPs

UV-Vis spectroscopy is a useful technique to detect for-
mation, crystal growth, size and stability of GNPs [13].
The reduction of the HAuCl, solution in the presence of
AW leaf infusion was monitored at different time intervals

(figure 1a). The maximum absorption determined by UV-Vis
spectrophotometric analysis was 540nm. In this procedure,
the temperature of 60°C was maintained for 5min and after
this, the heat supply was cut off. The high temperature speeded
up the synthesis of AW-GNPs, which could decrease the size
of nanoparticles and create spherical particles. The colour
change was observed 1min after the mixing of the infusion
and the HAuCl, solution, which proved the formation of
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AW-GNPs by the reduction of Au** ions to Au0. During
the S5min of the reaction time, the colour of the sample
changed from yellowish to dark purple. The intensity of Ayax
increased during the time from 1 to 10 min, indicating that the
concentration of AW-GNPs had increased. After 10 min, no
significant enhancement and shift in A,,x were observed until
24 h, indicating that the reaction was finished after 10 min,
and nanoparticles were stable during the time.

The FT-IR spectra of AW infusion and AW-GNPs are
shown in figure le. FT-IR reveals the functional groups of
the possible biomolecules responsible for bioreduction of
HAuCly, capping and stabilization of AW-GNPs. As shown
in the FT-IR spectrum (figure le), the main peaks of AW
infusion are at 3402 cm™! (feature of the broad peak of O—
H group or N-H stretching vibration of amine), 2924 cm™!
(characteristic of C-H stretching vibration of aliphatic),
1608 cm™! (feature of N-H bending vibration of primary
amine), 1404cm™! (C-H stretching bending of CH3) and
1265 and 1060 cm ™! (characteristic of C—O stretching vibra-
tion). O—H and N-H groups are the main functional groups
present in the alkaloids, phenolic compounds, flavonoids and
proteins. The FT-IR spectrum of AW-GNPs (figure 1e) shows
peaks at 3429 and 1639 cm™!, which are, respectively, charac-
teristics of N—H stretching and bending vibration of primary
and secondary amines or amides. There are peaks at 2920 and
2858 cm™! (characteristics of the C—H stretching vibration
of alkanes), and two peaks at 1523 and 1458 cm™! (charac-
teristic of the C=C stretching vibrations of the benzyl). The
peak at 1053 cm™! is a characteristic of the C-O stretching
vibrations. These results confirmed the presence of AW infu-
sion compounds in the spectrum of AW-GNPs, although the
intensity of peaks in the spectrum of AW infusion was higher
than that of AW-GNPs. The presence of N-H and aliphatic
C-H in the spectra is the sign for the presence of proteins on
the surface of AW-GNPs; this protein corona can prevent the
agglomeration of NPs [39].

The XRD analysis shows the purity and crystal structure of
the synthesized nanoparticles. Figure 1b shows the XRD pat-
tern of the synthesized AW-GNPs from AW infusion, which
reveals four well-defined characteristic peaks in the 26 range
(20-80°). The diffraction peaks of AW-GNPs are detected at
37.8,44.6, 64.6 and 77.5°, which correspond to (111), (200),
(220) and (311) crystalline planes, respectively. This presents
a reflection of the face-centre cubic structure of AW-GNPs,
signalling that the synthesized GNP is composed of a crys-
talline structure. The Debye—Scherrer equation [40] was used
for estimation of the average crystallite size of synthesized
GNPs as follows.

Scherrer equation:

kX
S =
Bcos 6

3

where S is the crystal size of GNPs, A is the wavelength of the
X-ray source (1.54056 A) used in the XRD, B is the full-width
at half-maximum of the (111) diffraction peak in radians,
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k is the Scherrer constant, which varies in the range of 0.9-1
(taken as 0.9) and 6 is the Bragg angle in radians. The size of
the synthesized GNPs was estimated at around 9.4 nm.

AW-GNPs were also characterized by TEM. AW-GNPs
were mostly spherical with a few traces of triangular, square
and pentagonal particles (figure 1c). The particle size of AW-
GNPs was in the range of 2.7-38.7 nm (figure 1d).

The results of the dynamic light scattering (DLS) analysis
showed that the average hydrodynamic diameter of AW-
GNPs was 97.82 + 2.64 nm. Nanoparticle size distribution
could be expressed through the polydispersity index (PDI)
value. PDI of AW-GNPs is 0.307 & 0.04, which indicates
that the system is moderately polydisperse [41,42]. The size
of nanoparticles by DLS is different compared with the TEM
measurement, because of their different working principles. It
is also a well-known fact that DLS measures the thickness of
bio-compounds present on the surface of nanoparticles [43].
Therefore, there is a difference between DLS results and TEM
[44]. The zeta potential reveals the information about the sur-
face charge of AW-GNPs. The zeta potential of AW-GNPs
was —27.3 £+ 5.67 mV, which confirmed the reasonable sta-
bility of the biosynthesized GNPs.

3.2 Content of flavonoid and phenolic compounds

The antioxidant effects and strong reducing activity of pheno-
lic and flavonoid compounds, which are abundant in the plant
extracts, are the reason for metal ions reduction and forma-
tion of the corresponding metal nanoparticles. Therefore, we
quantitatively analysed the total phenolic compounds content
in AW-GNPs and AW infusion samples. As can be seen from
figure 2a at various concentrations (50, 100, 150, 200, 250
and 300 g ml~'), the content of total phenolic compounds
of synthesized AW-GNPs was 1037 pnGAE per gDW, while
it was 1393 WGAE per gDW for AW infusion.

Determination of the total flavonoid content of AW-GNPs
and AW infusion samples was done at different concentrations
(50, 100, 150, 200, 250 and 300 g ml™'; figure 2b). In our
study, 653 WQE per gDW of flavonoid content was observed in
the AW-GNPs while 707 wQE per gDW of flavonoid content
was obtained for AW infusion. These results indicated that
92.36% of flavonoids in infusion were absorbed on the surface
of GNPs while 74.44% of phenolic compounds were present
on the surface of NPs.

3.3 Antioxidant properties

DPPH assay reveals that the leaf infusion and AW-GNPs are
free radical scavengers, which have significant antioxidant
property. As can be observed in figure 2¢, with increasing con-
centration, the antioxidant activity of the AW infusions and
AW-GNPs increases. The AW-GNPs and AW leaf-infusion
showed 58 and 68% of the scavenging effect at a concen-
tration of 300 wgml~!, respectively. The AW leaf infusion
exhibited a better scavenging activity for DPPH than AW-
GNPs, which might be due to the presence of more antioxidant
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Figure 2. (a) Total phenolic content of AW infusion and AW-GNPs at various concentrations (WGAE per gDW), (b) total flavonoid
content of AW infusion and AW-GNPs at various concentrations (WQE per gDW) and (¢) DPPH scavenging activity of AW infusion and

AW-GNPs at various concentrations.

compounds in the infusion than in AW-GNPs [44]. The
phenolic and flavonoid content of infusion and AW-GNPs
confirmed this result; the number of phenolic compounds and
flavonoids on the surface of nanoparticles was lower than that
of AW infusion [45-47].

3.4  Cytotoxicity

The cytotoxicity of AW infusion and AW-GNPs against
MDA-MB-468, BTC-3 and normal human fibroblast was
obtained by MTT assay. The treatment of cells was carried
out with AW infusion and AW-GNPs at different concen-
trations (10-150 wgml~!) for 48h. Based on figure 3a,
MDA-MB-468 cell presented high sensitivity to AW infusion
and AW-GNPs.

A direct dose—response was observed from the results, and
the activity of AW-GNPs was larger than that of the AW

infusion. The small size of these NPs together with organic
moieties present in the corona of NPs lets them be easily
absorbed on the cell membrane and to be up-taken conse-
quently [48]. Other studies have shown that the particle size
and zeta potential of nanoparticles affect their interaction with
biological components, e.g. cell membrane, proteins and gly-
cosaminoglycans [49,50].

From figure 3b, when the concentrations of AW infusion
and AW-GNPs are increased, the cell viability of human
fibroblast decreases slightly. As can be seen from figure 3c,
none of the concentrations has a significant effect on TC-3
cell line. A comparison between MDA-MB-468 and nor-
mal human fibroblast cells indicated that AW infusion and
AW-GNPs were effective just on MDA-MB-468 cells, and
they were not effective on normal fibroblast cells. These
results indicated that our synthesized nanoparticles can prob-
ably annihilate cancer cells without destroying normal cells.
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Figure 3. In vitro cytotoxic of AW infusion and AW-GNPs

against: (a) MDA-MB-468, (b) human fibroblast and

(¢) BTC-3 at various concentrations after 48h. Water was used as a control, and the cell viability of control was taken as the refer-

ence (100%). Significance was calculated by ANOVA (*p < 0.5).

It can also be concluded that AW-GNPs do not affect BTC-3
cells because of the resistance of pancreatic cancerous cells to
chemotherapy in comparison with other cancerous cells [51].
As a result, this occurrence indicates that these nanoparticles
have different effects on different cancer cells and normal
cells.

This difference between normal cells and cancer cells can
be related to the presence of different receptors on cancer
and normal cells membranes as well as their different func-
tional mechanisms. According to Shahani ef al [52], Achillea
millefolium extract had no effect on normal human fibrob-
last cells. They explained that A. millefolium probably has
different mechanisms for antiproliferation on normal and can-
cerous cells. The effect of Achillea on cancer cell lines can
also be due to its secondary metabolites. It has been shown

that phenolic compounds, flavonoids and antioxidants in the
volatile oil of Achillea species play a role in cancer inhibition
as well as its anti-inflammatory effect [53]. Recently, sev-
eral studies showed that extracts of Achillea species inhibited
breast, colon and liver cancers [54,55]. The cytotoxicity study
of Achillea santolina and Raphanus sativus extracts on MCF7
(human breast carcinoma), Caco2 (epithelial colorectal ade-
nocarcinoma) and HepG2 (human hepatocarcinoma) together
with normal cell line of WISH (derived from normal amnion)
shows that treatment of cancer cell lines with A. santolina and
R. sativus extracts induces cell cycle arrest at GO/G1 phase
while normal cell line (WISH) is accumulated in G2/M [56].
Therefore, natural products on the corona of AW-GNs can
probably behave differently in normal and cancer cells and
can activate different internal pathways in these cells.
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Table 1. Inhibition zone of AW, ChGNPs and AW-GNPs for bacteria strains.

Bacteria

strains S. epidermidis B. subtilis E. coli S. enterica

Extract

concentrations

(g ml~ 1) AW ChGNPs AW-GNPs AW ChGNPs AW-GNPs AW ChGNPs AW-GNPs AW ChGNPs AW-GNPs
18.75 — — — — — — — — — — — —
375 — — — — — — — — — — — —
75 — — — — — 9+0.36 — — — — — —

150 — — 8+0.95 — — 10045 — — — — — —

300 — — 10+0.25 — 9+0.55 11+£0.84 — — — — — —

Control (+) 16.5+0.96 17.5+0.85 26 + 0.80 245+ 1

Table 2. Antibacterial activity of AW and AW-GNPs infusion on gram-positive and gram-

negative bacteria.

AW

AW-GNPs

Bacteria MIC (ngml~!)

MBC (ngml~")

MIC (ngml~")  MBC (ngml~")

Gram-positive
B. subtilis
S. epidermidis
Gram-negative
E.coli
S. enterica

75
150

150
300

MIC: minimum inhibitory concentration, MBC: minimum bactericidal concentration.

3.5 Antimicrobial activities

The antibacterial activities of the AW extract, ChGNPs and
AW-GNPs were determined against gram-positive and gram-
negative bacteria using well diffusion assay. After inoculation
in plate agar, the diameter of the inhibition zone was mea-
sured. As shown in table 1, the AW-GNPs affect only the
B. subtilis and S. epidermidis bacteria strains at a concentra-
tion of 150 and 300 ugml~!. On the other hand, ChGNPs
exhibited antibacterial activity against only B. subtilis at the
maximum concentration of 300 g ml~!.

MIC and MBC of AW infusions and AW-GNPs are pre-
sented in table 2. As can be seen from table 2, AW-GNPs
exhibited antimicrobial properties against gram-positive bac-
teria, without affecting gram-negative bacteria. In addition,
AW infusion did not have antibacterial activity against bac-
terial strains (gram-positive and gram-negative), at the con-
centrations used. Some factors are effective on the different
responses of bacteria strains; the factors like variance in the
construction of the bacterial cell wall and phytochemical com-
position of the infusion (e.g. flavonoids, tannins, phenols,
terpenoids) are effective. Also, the kind of metal ions, shape,
size and surface area of nanoparticles are important [57,58].

Interaction of AW-GNPs with the outer membrane of bacteria
can change the structure of the membrane, cause degradation
of the cell membrane and finally cell death. Therefore, the
differences in composition and structure of bacterial cell wall
are effective. Due to the thickness of the peptidoglycan layer
of gram-positive bacteria, the inhibitory effect of AW-GNPs
is probably due to the interaction of the infusion with the
cell wall proteins of the bacteria. At these concentrations, the
ChGNPs and AW extract did not affect bacteria strains (except
for 300 wIml~! of ChGNPs on B. subtilis), but the composi-
tion of AW-GNPs has an antibacterial effect. This is probably
due to the synergistic effect of AW extract and GNPs at these
concentrations, which can attach to the bacterial cell wall and
inhibit bacterial growth.

3.6 Electrochemical analysis of AW-GNPs

The electrochemical activity of AW-GNPs was studied using
CV towards oxidation of AA and DA to evaluate the per-
formance of AW-GNPs. Figure 4 displays the electrochem-
ical oxidation of 1.0mM AA (figure 4a) and 1.0mM DA
(figure 4b) at bare GCE and GCE modified with AW-GNPs
(AW-GNPs—GCE) in 0.1 M PBS (pH 7.4; the scan rate of
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Figure 4. (a) Cyclic voltammogram of bare GCE and AW-GNPs—GCE in 0.1 M PBS (pH = 7.4) containing 1.0mM

AA and (b) DA at a scan rate of 100 mV s~

100mVs~!). The AW-GNPs—GCE exhibits significantly
enhanced electrocatalytic activity via the enhancement in
peak currents and shift of the peak potentials towards less
positive potential for the oxidation of AA and DA, compared
with bare GCE. As can be seen, the peak potentials for AA and
DA oxidation at the bare electrode are about 610 and 650 mV,
while the corresponding peak potentials at AW-GNPs—GCE
are 400 and 470 mV, respectively. Also, the oxidation peak
currents of AA and DA on AW-GNPs-GCE were improved
considerably.

4. Conclusion

In the present work, GNPs were synthesized with AW leaf
infusion by means of stabilizing and reducing agents. This
is a facile, eco-friendly process and has potent applica-
tions in pharmaceutics and biomedicine. GNPs were well
characterized by UV—-Vis spectroscopy, and further charac-
terization was done using FT-IR spectroscopy, XRD, TEM
and DLS analyses. The antioxidant properties of AW infu-
sion and AW-GNPs were proved by DPPH radical scavenging.
The synthesized GNPs showed efficient antimicrobial activ-
ities against B. subtilis and S. epidermidis (gram-positive
bacteria). The cytotoxicity activities of AW infusion and
AW-GNPs were determined on MDA-MB-468, BTC-3 and
human fibroblast cells. The MDA-MB-468 cell line was more
sensitive than others. Also, the electrochemical studies of
GNPs synthesis from AW infusion indicate their application
in the fabrication of sensors and biosensors in electrochem-
istry field.
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