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Abstract

In the present study, gold (AuNPs) and gold-silver bimetallic nanoparticles
(Au-Ag BMNPs) were fabricated by using aqueous leaf extract of Triticum
aestivum L. - a crop plant, and their bactericidal potency was checked
against selected pathogenic bacterial strains. The phytofabricated AuNPs
and BMNPs were analyzed for their physical attributes using UV-Visible and
Fourier transformed infrared spectroscopy (FTIR), Dynamic light scattering
(DLS), High-resolution transmission electron microscopy (HRTEM), and En-
ergy-dispersive X-ray spectroscopy (EDX). Bactericidal efficiency of synthe-
sized NPs was evaluated using agar-well diffusion and XTT (2,3-Bis-(2-
Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide)-colorime
tric assays against Klebsiella pneumoniae, Salmonella typhimurium, Entero-
bacter aerogenes, Escherichia coli, Micrococcus luteus, Staphylococcus aure-
us, Streptococcus mutans and Staphylococcus epidermidis. HRTEM analysis
revealed that both kinds of nanoparticles (NPs) were highly crystalline in
nature and of spherical to oval-shaped. AuNPs size was found in the range
of 5-40 nm, whereas BMNPs showed their size in the range of 5-30 nm.
HRTEM results were corroborated by DLS results which revealed the aver-
age hydrodynamic diameter of AuUNPs and BMNPs in the range of 29.08 and
26.56 nm respectively. UV-visible spectroscopy showed high-intensity single
spectral peaks at 540 and 480 nm for AuNPs and BMNPs respectively. FTIR
analysis demonstrated that protein, flavanones, hydroxyl, carboxylate
groups and reducing sugars were responsible for reducing and capping of
both NPs. K. pneumonia and S. typhimurium were found to be the most sen-
sitive bacteria towards BMNPs-mediated (MIC: 400 pg/ml) and AuNPs-
mediated toxicity (MIC: 800 pug/ml). It was observed that BMNPs generally
possessed more powerful bactericidal effect against all bacterial strains in
comparison to AuNPs. Minimum inhibitory concentration (MIC) and Mini-
mum bactericidal concentration (MBC) values were observed in the concen-
tration range of 400 ug/ml-1.5 mg /ml for different bacterial strains. Further-
more, it was demonstrated that phytosynthesized AuNPs have their own
bactericidal effect, but at higher concentrations (>100 pg/ml) and bacteri-
cidal effect of BMNPs was due to the synergistic effect of both Ag and Au
ions, which was also observed to be dose-dependent.
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Introduction

Nanometer-sized particles of different metals have revolu-
tionized and opened novel avenues in diverse fields owing
to their enhanced physico-chemical properties with re-
spect to their bulk materials (1, 2). Nobel metals like, gold
nanoparticles (also known as colloidal gold) attract the
attention of researchers due to their inherent superior
physico-chemical characteristics like high surface area,
chemically inertness (resistance to oxidation), higher sta-
bility in comparison to other metallic nanoparticles (NPs),
enhanced biocompatibility and non-cytotoxicity to human
cells and tissues. These aforementioned properties result-
ed in their tremendous applications in the field of medi-
cine and other related fields such as magnetic, optical,
electronic, catalytic (3, 4), bio-imaging, nano-biosensing,
probes and markers, targeted drug delivery (5), photo-
hyperthermia, water remediation, genetic engineering,
diagnosis and therapeutics (6, 7).

Similarly, in recent times bimetallic nanoparticles
(especially Ag-Au BMNPs) have attracted attention as a
new enhanced version of designer-nanoparticles because
of their unique and distinct properties which are superior
to their ingredient metallic NPs (Ag or Au). These bimetallic
NPs possessed appreciably enhanced therapeutic efficien-
cy compared to their individual metals by retaining the
biocompatibility and stability of AuNPs and decreasing the
level of toxicity of AgNPs toward human cells (8). Further-
more, the synergistic effects of both Ag and Au NPs in a
bimetallic body have countless applications in various
fields like optoelectronics, sensors, agriculture, disease
and toxin biomarkers (9, 10), magnetic, antimicrobial, en-
vironmental monitoring, catalysis and aptamer-based na-
nosensors (9, 11-13).

Various chemical, physical and hybrid methods
were defined in literature for the fabrication of AuNPs and
bimetallic (BMNPs) Ag-Au NPs like hydrothermal, reverse
micelle, ion-sputtering, sol-gel, chemical reduction,
y-irradiation, laser ablation, microwave irradiation, ultravi-
olet radiation, thermolytic process, photochemical pro-
cess, sonochemical method etc. (12, 13). The limitations of
these methods are that they are quite expensive and un-
fortunately hazardous to both environment and biological
tissues because of their toxic by-products which have a
direct effect on their biocompatibility. Synthesis of nano-
particles by environment-friendly and cost-effective pro-
cesses is one of the vital aspects of current nanotechnolo-
gy research (14). Hence, the synthesis of NPs via biogenic
sources like bacteria, fungi (15, 16), green algae (17),
plants or plant-based products like starch, cellulose, en-
zymes or phytochemicals (1, 2, 7, 18) has garnered signifi-
cant attention since last decade. Out of these biogenic
methods, plant-based methods are relatively more versa-
tile, simple, fast, eco-friendly, less tedious, less time con-
suming, non-harmful, non-immunogenic, relatively repro-
ducible, environmentally benign and free of microbial orig-
inated contaminations (19). Moreover, phytocomponents
acts as both capping and reducing agents in the biosynthe-
sis of NPs (11, 18).

Indiscriminate and overuse of antibiotics and pauci-
ty of new and effective antibiotics have led to a post-
antibiotic era with an increased number of mortality and
morbidity cases due to proliferation of resistant pathogen-
ic bacterial strains (20, 21). Since the beginning of this
problem, the scientific community worldwide engaged in
developing new and potentially effective antibacterial
agents having no or minimum side effects (22). As per vari-
ous reports, developing the novel bactericidal agent with
profound specific effect and minimum or no side effects to
body tissues is currently recognized as one of the top-most
priorities in medical research (14). Different metallic NPs
were synthesized and used as antimicrobial agents like
zinc, silver, copper, magnesium, silver and gold (22).
Among these NPs, silver nanoparticles were found to be
the most potent antimicrobial agents along with undesira-
ble properties like harmful effect on healthy body tissues,
prone to fast oxidation and less stability in body fluids
which ultimately limited their use as an antimicrobial
agent. So, both AuNPs and Ag-Au NPs have received sub-
stantial consideration due to their excellent bactericidal
potency and simultaneously absence of any aforemen-
tioned side effects of AgNPs.

In literature, there has been ambiguity with regard
to the bactericidal potency of AuNPs. Similarly, in the case
of Au-Ag bimetallic nanoparticles (BMNPs), the ambiguity
is whether the bactericidal effect is due to the silver ions or
gold ions, or is due to their synergistic effect ? It has been
claimed that this ambiguity in bactericidal potential of
AuNPs/BMNPS is may be due to the reason that different
authors used different materials and methodologies for
their fabrication. In the present research, phytofabrication
of both AuNPs and Au-Ag BMNPs were performed using
bottom-up approach under same standard conditions of
temperature, pH, purification methods, concentration of
precursor salts and reducing agent. Reducing and capping
agent was aqueous extract of two weeks long leaflets of
wheatgrass (Triticum aestivum), a crop plant. Water extract
of Triticum aestivum is known as “green-blood” and has
been found to possess flavonoids, phenolics compounds,
lignins, alkaloids, tannins, vitamins, terpenoids, amino
acids, carbohydrates and protein and also reported to
have anti-inflammatory, immune-modulatory, antioxidant
and antibacterial activities (23, 24). These synthesized NPs
were analyzed for their physical attributes and evaluated
further for their bactericidal efficiency against same exper-
imental bacterial strains using agar-well and XTT-
colorimetric assays to answer these above-mentioned am-
biguities in literature.

Materials and Methods

HD 2967 variety of wheat is very common in Punjab area
and same was grown in our agriculture-laboratory for phy-
tofabrication of NPs. Silver nitrate (AgNOs), menadione,
hydrogen tetrachloroaurate (HAuCls.XH,0), sodium salt of
XTT were procured from Sigma Aldrich, Chandigarh (U.T),
India and used without further purification. MHB (Muller
Hinton Broth) and MHA (Muller Hinton Agar), sodium hy-
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droxide (NaOH) and HPLC purified water were purchased
from HiMedia chemicals, Chandigarh (U.T), India. All the
solutions and reagents were prepared in HPLC purified wa-
ter.

Phytofabrication of AuNPs and BMNPs

Phytofabrication is a process which involves reduction of
metallic salts into their respective NPs with the help of
aqueous extract of plants. Leaves of two weeks long plant
Triticum aestivum L. (Wheatgrass) were adequately washed,
dried (pressed between folds of filter paper) and chopped
into smaller pieces. Approximately, 20 g of chopped leaves
were crushed with blender grinder and the resulted pulver-
ized material was mixed with 100 ml HPLC purified water.
The solution was boiled for 10 min at 90+1 °C and then
cooled at room temperature. After that, the extract was first
filtered through Whatman filter paper (1) and followed by
centrifugation for 7-8 minutes at 8000 rpm to remove any
remaining plant-debris or impurities. This extract was used
for the fabrication of both AuNPs and BMNPs (5, 18).

For the biosynthesis of AuNPs, 1mM hydrogen tetra-
chloroaurate (HAuCls.XH,0) solution was prepared, and in
case of bimetallic NPs (Ag-Au BMNPs), 1 mM AgNOs; (pH
4.29) and 1mM gold chloroaurate (pH 2.29) solutions were
mixed in 1:1 volume ratio (pH 5.31). For the phytofabrica-
tion of NPs, 10 ml hot plant-extract was added into two
different 250 ml capacity Erlenmeyer flasks one containing
90 ml 1mM hydrogen tetrachloroaurate (HAuCls.XH,0) and
other containing 90ml of mixed solution (1 mM AgNO; and
1mM gold chloroaurate solution in 1:1 volume ratio) with
constant stirring on a magnetic stirrer by maintaining the
temperature at 90+1 °C for 8-10 min. The pH of both the
reaction solutions was maintained at 10.0+0.2 with the help
of 1M NaOH. This resulted in the reduction of metallic salts
(simultaneous co-reduction of both salts in case of BMNPs),
and within 10-15 seconds, the colour of solutions turned to
ruby red and violet-blue which indicates the formation of
AuNPs and BMNPs respectively (8, 18). Both the solutions
were then incubated for 4-5 hrs. at room temperature. After
that incubation, solutions were centrifuged for 10-15 min at
16000 rpm, followed by removing supernatant from the
settled NPs. This procedural step was reiterated thrice with
HPLC purified water. At last, NPs were dissolved in HPLC
purified water and dried in a vacuum oven at 50 °C in a
petridish. AuNPs and BMNPs were collected as a dry pow-
der and analyzed further for their physical and bactericidal
properties.

Characterization of NPs
UV-visible and FTIR spectroscopy

Synthesis of AuNPs and BMNPs (Ag-Au NPs) were
confirmed by scanning the absorption maxima of
both AuNPs and BMNPs using UV-visible spectro-
photometer (Thermo Fisher Scientific, India) in the
wavelength range of 300-700 nm. The FTIR analysis
was determined with FTIR spectrometer (Perkin
Elmer) at a resolution of 4 cm™ in the wavelength
range of 4000-250 cm™(5, 8, 18). The obtained FTIR
spectra were plotted as absorbance (%) versus
wavenumber (cm).
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DLS

The hydrodynamic diameter of both AuNPs and BMNPs in
suspen-sion was determined using DLS method (8, 18). In
this experiment, the aqueous suspension of the synthesized
AuNPs and BMNPs was first percolated through a filter unit
(0.22 um), and then the hydrodynamic diameter of both
NPs was measured by using Malvern Zetasizer Nanosystem
(Worcestershire, U.K).

HRTEM and EDX

Topographical properties of both AuNPs and BMNPs were
determined by HRTEM microscopy using the standard pro-
tocol of analysis (25). A drop of synthesized NPs solution
was placed on a copper grid (carbon-coated) of HRTEM fol-
lowed by blotting the excess solution at room temperature
after 3-4 min. The grids were analyzed with the help of FEI
TECNAI (G2 F20) system at 200 keV. HRTEM micrographs
were produced at 6 X10° times magnification and with
0.2 A° resolutions. The elemental composition of synthe-
sized nanoparticles was characterized using EDX microa-
nalysis in EDX spectroscopy associated with HRTEM.

Assessment of bactericidal activity of AuNPs and BMNPs
Test microorganisms

Four gram-negative bacterial strains Klebsiella pneumoniae
(MTCC 432), Salmonella typhimurium (MTCC 3224), Entero-
bacter aerogenes (MTCC 2824), Escherichia coli (MTCC 443)
and 4 gram-positive bacterial strains Micrococcus luteus
(MTCC106), Staphylococcus aureus (MTCC 3160), Staphylo-
coccus epidermidis (MTCC 9040) and Streptococcus mutans
(MTCC 890) were procured from IMTECH (Institute of Micro-
bial Technology), Sector 39, Chandigarh (U.T), India as ref-
erence strains to check the antibacterial potential of syn-
thesized AuNPs and BMNPs.

Antibacterial assays

Bactericidal potency of synthesized AuNPs and BMNPs
against pathogenic bacterial strains was checked using
standard agar-well diffusion and XTT-colorimetric assays.
Prior to the respective assays, concentrations of all bacteria
strains were standardized (26, 27). Briefly, overnight cul-
tured bacterial strains were re-cultured in MHB at 37 °C for
2-3 hrs. These midlogarithmic phase microorganisms were
then centrifuged for 10-12 min (4 °C) at 4,000 rpm. The ob-
tained bacterial pellets were washed 2 to 3 times with 10
mM sodium phosphate buffer (pH=7.4). Optical density
(0.D) of respective bacterial aliquot was calculated at 620
nm, and the concentrations of bacteria were standardized
for 5 x 107 colony-forming unit/ml (ODg0:0.20). This stand-
ardized concentration of bacteria was used in both agar-
well diffusion and XTT-colorimetric assays.

Agar-well diffusion Assay

In this experiment, 100 pl of standardized concentration of
respective bacteria (5 x 107 colony-forming unit/ml) was
uniformly seeded on sterilized MHA plates using sterile J-
shaped glass-rod (27). After 30 min, wells were made in
MHA plates aseptically. The resulted wells were loaded with
90 pl of different concentrations of AuNPs and BMNPs. After
that, the plates were incubated at 37 °C for 24 hrs. The as-
say was repeated thrice, and the antibacterial potential of
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AuNPs and BMNPs was measured as ZOI (zone of inhibition)
around the well in mm scale (mean + standard deviation).
In this experiment, if the ZOIl was observed to be less than
or equal to 0.5 mm, then it was considered as “No bacteri-
cidal effect” for that specific concentration of NPs.

XTT-colorimetric assay

Generally, the agar-well diffusion method is used for prima-
ry screening which gives a rough estimate of bactericidal
efficiency of NPs or other inhibitory molecules. There are
certain limitations of the agar-well approach like: a.) agar
produces hindrance in free movement of nanoparticles, b.)
have a direct effect on the release of silver or gold ions (Ag*/
Au*®) from the surface of NPs, and c.) absence of optimum
contact between bacteria and NPs, which is necessary for
an accurate evaluation of bactericidal effect (25, 29). The
XTT salt-based colorimetric method is a gold standard in
the assessment of the bactericidal effect of NPs, because
this method is devoid of all the limitations of agar-well
method as discussed above (27, 28, 30). This method meas-
ured the water-soluble formazan at 490 nm, which was pro-
duced due to reduction of XTT salt by the dehydrogenase
enzyme of metabolic active bacterial cells. Change in ab-
sorbance value of formazan can be correlated to cell viabil-
ity (30).

In this experiment, 170ul broth of the standardized
bacterial concentration (5 x 107 CFU/ml) was poured into 96
-well flat-bottom plate, followed by addition of 30 ul of
different concentrations of AuNPs and BMNPs with gentle
mixing. The plates were then incubated for 14-16 hrs at
37 °C. After incubation, 100 pl of the reaction mixture from
the incubated plates was aseptically transferred into a new
plate followed by addition of 25 pl of fresh XTT (0.5 mg/ml)
+menadiaone (1 mM) solution (12.5:1 v/v ratio) with gentle
mixing. The flat-bottom plates were further incubated in
the dark for 2 hrs at 37 °C and the change in absorbance
value of formazan was calculated with the help of micro-
plate reader (Thermo Fisher Scientific, India) at 490 nm.
Muller-Hinton broth with respective bacterial strains and
without any inhibitor acts as a negative control. This experi-
ment was performed in triplicate, and the final readings
were taken after subtracting the readings of specific blanks.
Antibacterial efficacy was calculated as follows:

Percentage reduction (% Rd) =

100% - [(well absorbance- Blank absorbance) x 100]
Negative control absorbance

In this experiment, if the percentage reduction was ob-

served to be less than 5%, then it was considered as “No

bactericidal effect” for that specific concentration of NPs.

Antibiotic ciprofloxacin (0.5 mg/ml) was used as a positive

control in both the above-discussed experiments (27).

Assessment of MIC and MBC values

MIC values for each test bacteria were evaluated on the
basis of results obtained in XTT-colorimetric assay. The
lowest concentration of NPs that restricted bacteria's
growth completely as established by the XTT-colorimetric
results was considered MIC value for that particular bacteri-
al strain. MBC values were evaluated by sub-culturing the
100 pl preparations from the selected tubes (that did not

show any bacterial growth as per XTT-colorimetric results)
over the MHA plates and their subsequent incubation at 37
°C for 24 hrs. The lowest concentration of NPs, which com-
pletely inhibited the bacterial growth on antibiotic-free
MHA-media, was considered the MBC value of that particu-
lar bacterial strain (27).

Results

The colour of the reaction mixture changed from colourless
to ruby red (AuNPs) and to violet-blue (Ag-Au BNPs) within
10-15 seconds was due to the SPR (surface plasmon reso-
nance) effect which indicated the completion of reduction
reactions.

UV-Visible spectroscopy results

UV-Vis spectra of AuNPs and Ag-Au BMNPs showed an ab-
sorption peak maxima at wavelength 540 nm and 480 nm
respectively (Fig. 1A & 2A).
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FTIR Spectroscopy results

FTIR analysis was carried out to identify the various func-
tional groups presented on the surface of synthesized na-
noparticles, responsible for reducing metallic salts into
their respective NPs and their subsequent capping in the
solution. AUNPs FTIR spectra showed absorption vibrations
at 402-495, 505, 529, 952, 1021, 1222, 1361, 1420, 1706 and
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3427 cm™ (Fig. 1C), whereas BMNPs showed absorption

peaks at 403-489, 509, 1216, 1364, 1735 and 3568-3905 cm™*
(Fig. 2C).

HRTEM/EDX/DLS/Zeta potential results analysis

were

As shown in Fig. 3 & 4, both AuNPs and Ag-Au BMNPs
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Fig. 3. HRTEM micrograph of AuNPs with scale bar 10 nm [A], 50 nm [B] and
100 nm. SAED pattern [D]; EDX spectra [E]; Line profile of lattice fringes [F]
and histogram [G] results of AUNPs.
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Fig. 4. HRTEM micrograph of Ag-Au BMNPs with scale bar 5 nm [A], 20 nm [B]
and 50 nm. SAED pattern [D]; EDX spectra [E]; Line profile of lattice fringes [F]
and histogram [G] results of BMNPs.

found to possess mainly spherical morphology along with a
low percentage of oval shapes. In case of AUNPs, NPs size
was observed in the range of 5 to 40 nm (Fig. 3), which is in
justification with the DLS results (average hydro-diameter
29.08 nm) as shown in Fig. 1B. In the case of BMNPs, HRTEM
micrograph depicted NPs with size in the range of 5 to 30
nm (Fig. 4), which is again in consonance with DLS results
(Fig. 2B) which demonstrated the presence of BMNPs with
an average hydro-diameter size of 26.56 nm. Histogram
profile was constructed by counting 100 NPs of both AuNPs
and BMNPs. As per histogram results, AuNPs size distribu-
tion in the profile was found as follows: 1-10 nm (11%),
11-20 (23%), 21-40 (58%) and 41-100 (8%), whereas BMNPs
size distribution was: 1-10 nm (16%), 11-20 (42%), 21-40
(37%) and 41-100 (5%) as shown in Fig. 3G & 4G. SAED pat-
tern analysis confirmed the high crystalline nature of both
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AuNPs and BMNPs, as shown in Fig. 3D & 4D. EDX spectra
results showed that in case of AUNPs, Au was the only ingre-
dient metal (14.76 wt %), whereas in case of BMNPs the
ingredient metals were Ag (19.47 wt %) and Au (15.89 wt %)
as depicted in Fig. 3E & 4E. Lattice profiles of AuNPs and
BMNPs are shown in Fig. 3F & 4F, which suggest the average
‘d-spacing’ of lattice fringes of respective inter-plane dis-

¢e tance. Furthermore, in concordance with the FTIR results,
i which demonstrated the anisotropy of reactions, HRTEM
== and DLS result also revealed the presence of various sizes

=< of NPs in case of both AuNPs and BMNPs. Moreover, both

NPs were well dispersed in the solution, and no agglutina-
tion was observed.

Antibacterial potential of synthesized BMNPs and AuNPs

In the case of agar-well diffusion assay, the presence of a
clear zone around the agar-well is attributed to restricted
bacterial growth and is an evidence of the antibacterial
potential of NPs. Agar well diffusion assay results demon-
strated that BMNPs possessed profound bactericidal effect
against all gram-positive experimental bacterial strains
(Fig. 5, Table 1 & 2). At the highest concentration (3mg/ml),

K. pneumoniae 8. aureus

k. .
Fig. 5. Agar well diffusion assay results displaying bactericidal effect
Ag-Au BMNPs against gram-positive and gram-negative bacteria.

(zol) of

Table 1. Comparative analysis of ZOIl observed against various gram-
positive bacteria by different concentrations of AuNPs and BMNPs using agar
well diffusion assay

Z0l (mm+SD)
Bacteria NPs
(3.0 mg/ml) (2.0 mg/ml) (1.0 mg/ml) (0.5 mg/ml)

BMNPs 10.83+0.28 8.16+0.28  5.33+0.57 4.16+0.28
S. aureus

AuNPs 6.83+0.28  3.33+0.57  1.83+0.28 1.33+0.57

BMNPs 9.33+0.57  6.83+0.28  3.83+0.28 3.33+0.57
M. luteus

AuNPs 6.16%0.28  4.33+0.57  1.16+0.28 NE

BMNPs 8.33+0.57 5.16+0.28  4.33+0.57 3.1640.28
S. pneumoniae

AuNPs 4.83+0.28  3.33+0.57  1.83+0.28 NE

BMNPs 8.16+0.28  4.83+0.28  3.16+0.28 1.83+0.28
S. epidermidis

AuNPs  4.33+0.57  2.16+0.28 NE NE

Table 2. Comparative analysis of ZOl observed against various gram-
negative bacteria by different concentrations of AuNPs and BMNPs using
agar well diffusion assay

Z0l (mm+SD)
Bacteria NPs
(3.0 mg/ml) (2.0 mg/ml) (1.0 mg/ml) (0.5 mg/ml)
BMNPs 10.33+0.57 7.16+0.28  5.83+0.28 4.16+0.28
E. coli
AuNPs 4.83+0.28 4.16+0.28  3.33+0.57 1.33+0.57
BMNPs 9.83+0.28 6.33+0.57  4.33+0.57 2.83+0.28
S. typhimurium
AuNPs 4.16+0.28  2.83+0.28 1.1610.28 1.00+0.00
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BMNPs 12.33+0.57 9.33+0.57 7.16+0.28  5.33+0.57
K. pneumoniae

AuNPs  7.33+0.57  5.33+0.57 3.16+0.28 1.83+0.28

BMNPs  7.83+0.28  4.16+0.28  2.33+0.57  1.16+0.28
E. aerogenes

AuNPs  4.83+0.28  2.33+0.57  1.00+0.00 NE

BMNPs were observed as the most potent bactericidal
agent against S. aureus (Z0l: 10.83+0.28 mm) followed by M.
luteus (ZOl: 9.33+0.57 mm)> S. pneumoniae (ZOl: 8.33+0.57
mm) and least effective against bacteria S. epidermidis (ZOl:
8.16+0.28 mm). In case of gram-negative bacteria, BMNPs
demonstrated remarkable bactericidal effect in the order of
K. pneumoniae (ZOl: 12.33+0.57 mm)> E. coli (ZOl:
10.33+0.57 mm)> S. typhimurium (ZOl: 9.83+0.28 mm) and
E. aerogenes (ZOl: 7.83+0.28 mm). Results obtained in XTT-
colorimetric assay demonstrated that at the concentration
of 1000 pg/ml, BMNPs showed full inhibitory effect (=99.0
%) against all gram-positive bacteria from the present
study (Table 3 & 4). BMNPs at the concentration of 800 pg/

bacteria, as per XTT results (Table 5 & 6), BMNPs exhibited
complete inhibitory potential against K. pneumoniae up to
the concentration of 400 pg/ml. Furthermore, at the con-
centration of 600 pg/ml, S. typhimurium showed complete
inhibition followed by E. aerogenes (97.66 %) and E. coli
(95.85%). Up to the concentration of 25 pg/ml, K. pneumoni-
ae (20.37%) and S. typhimurium (20.44%) demonstrated
inhibitory effect, whereas E. aerogenes (21.53 %) and E. coli
(14.63%) exhibited bactericidal effect only up to the con-
centration of 50 ug/ml.

In case of AuNPs-mediated bactericidal effect
against experimental bacteria, it was observed that at the
concentration of 3 mg/ml (Fig. 6, Table 1 & 2), AuNPs
showed passable bactericidal effect against gram-positive
bacteria S. aureus (ZOl: 6.83+0.28 mm) followed by M. luteus
(ZOl: 6.16+0.28 mm)> S. pneumoniae (ZOl: 4.83+0.28 mm)
and S. epidermidis (ZOl: 4.33+0.57 mm). In the case of gram-
negative bacteria, the trend of AuNPs-mediated bactericid-
al effect (3.0 mg/ml) was observed in the order of K. pneu-

Table 3. Measurement of O.D of growth (meanz+standard deviation) of different gram-positive bacteria at different concentration (ug/ml) of NPs

Bacteria NPs PC NC 1000 800 600 400 200 100 50 25
BMNPs 0.055+0.006 0.837+0.043 0.004+0.002 0.007+0.008 0.008+0.006 0.067+0.009 0.204+0.011 0.317+0.019 0.438+0.018 0.608+0.019
S.aureus
AuNPs 0.101+0.010 0.751+0.016 0.009+0.001 0.017+0.004 0.075£0.009 0.230+0.026 0.347+0.026 0.513+0.020 0.680+0.011 NE
BMNPs 0.076+0.027 0.725+0.021 0.004+0.004 0.025+0.008 0.081+0.011 0.226+0.022 0.393+0.013 0.600+0.022 NE NE
M.luteus
AuNPs 0.080+0.010 0.799+0.018 0.015+0.004 0.081+0.010 0.136+0.008 0.300+0.015 0.421+0.017 0.575+0.018 NE NE
BMNPs 0.118+0.031 0.816+0.035 0.008+0.003 0.004+0.001 0.047+0.010 0.111+0.014 0.281+0.023 0.412+0.013 0.591+0.017 NE
S.pneumoniae
AuNPs 0.055+0.005 0.884+0.021 0.004+0.004 0.057+0.005 0.173+0.008 0.290+0.015 0.399+0.025 0.572+0.008 NE NE
BMNPs 0.061+0.020 0.892+0.024 0.008+0.001 0.018+0.007 0.073+0.015 0.161+0.015 0.315+0.016 0.504+0.028 0.7960.016 NE
S.epidermidis
AuNPs 0.116+0.011 0.808+0.033 0.022+0.006 0.090+0.016 0.233+0.030 0.475+0.017 0.691+0.014 NE NE NE
Table 4. Percentage (%) reduction of gram-positive bacterial growth with respect to NPs concentrations (ug/ml) as per XTT-colorimetric results
Bacteria NPs PC 1000 800 600 400 200 100 50 25
BMNPs 93.42 Cl Cl Cl 91.99 75.62 62.12 47.67 27.35
S. aureus
AuNPs 86.55 Cl 97.73 90.01 69.37 53.79 31.69 9.45 NE
BMNPs 89.51 Cl Cl 96.55 88.82 68.82 45.79 17.24 NE
M. luteus
AuNPs 89.98 98.12 89.86 82.97 62.45 47.30 28.03 NE NE
BMNPs 85.53 Cl Cl 94.24 86.39 65.56 49.50 27.57 NE
S. pneumoniae
AuNPs 93.77 Cl 93.55 80.42 67.19 54.86 35.29 NE NE
BMNPs 93.16 Cl 97.98 91.81 81.95 64.68 43.49 10.76 NE
S. epidermidis
AuNPs 85.64 97.27 88.86 71.16 41.21 14.48 NE NE NE

ml, still possessed complete inhibitory effect against S. au-
reus, M. luteus and S. pneumoniae. S. aureus was found to
be the most sensitive gram-positive bacteria which demon-
strated complete inhibition up to the concentration of 600
pg/ml (>99.0 %) followed by M. luteus (96.55%)> S. pneu-
moniae (94.24)> S. epidermidis (91.81%). Furthermore,
BMNPs were found to possess promissory bactericidal
effect against S. aureus (47.67%) up to the concentration of
50 pg/ml, whereas other gram-positive bacteria showed
modest bactericidal effect at the same concentration in the
order of S. pneumoniae (27.57%)> M. luteus (17.24%) and S.
epidermidis (10.76%). All gram-positive bacteria, except S.
aureus (27.35%) did not show the bactericidal effect at the
concentration of 25 pug/ml or less. In case of gram-negative

moniae (ZOl: 7.33+0.57 mm)> E. coli (ZOl: 4.83+0.28 mm)> E.
aerogenes (ZOl: 4.83+0.28 mm)> S. typhimurium (ZOl:
4.16+0.28 mm). As shown in Table 1 & 2, at other lower con-
centrations, antibacterial effect (ZOl) of AUNPs against ex-
perimental bacterial strains follows the similar or slightly
different trend of effectiveness. For gram-positive bacteria
(Table 3 & 4), it was demonstrated that at the concentration
of 1000 pg/ml, S. aureus and S. pneumoniae showed com-
plete inhibition. Up to the concentration of 100 pg/ml,
AuNPs exhibited a passable level of bactericidal effect
against bacteria S. pneumoniae (35.29%), S. aureus
(31.69%) and M. luteus (28.03%). S. aureus was found to be
the most sensitive gram-positive bacteria which showed
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inhibition up to the concentration of 50 pg/ml (9.45%),
whereas S. epidermidis was observed to be the most re-
sistant gram-positive bacteria which demonstrated low-
level bactericidal effect only up to the concentration of
200pg/ml (14.48%). AuNPs-mediated inhibition of gram-
negative bacteria (Table 5 & 6) revealed that at 1000 ug/ml
concentration, there was complete inhibition of all gram-
negative bacterial strains. Gram-negative bacteria S. typhi-
murium showed complete inhibition up to the concentra-
tion of 800 pg/ml, followed by E. coli (97.33%)> K. pneu-

Table 5. Measurement of O.D of growth (meanz+standard deviation) of different
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silver and gold ions into their respective NPs. As per litera-
ture, reduction reactions involving the production of AUNPs
and Ag-Au BMNPs using plants extract were generally found
to be completed within 5-30 min (37, 41). It has been pro-
posed that formation of NPs is a two-step process: First,
there is a reduction of Au®*/Ag* ions (soluble cations) into
Au®/Ag° (insoluble metal atoms), followed by the second
step which involved an aggregation process of these re-
duced metal atoms. The method of NPs production was
performed in standard conditions of temperature (90+1.0 °C),

gram-negative bacteria at different concentration of NPs

Bacteria NPs PC NC 1000 800 600 400 200 100 50 25
BMNPs 0.106+0.030 0.868+0.033 0.005+0.003 0.009+0.002 0.036+0.012 0.099+0.014 0.273+0.058 0.510+0.050 0.741+0.036 NE
E. coli
AuNPs 0.048+0.013 0.789+0.022 0.009+0.002 0.021+0.007 0.073+0.016 0.164+0.008 0.399+0.017 0.632+0.022 NE NE
BMNPs 0.084+0.010 0.890+0.013 0.005+0.002 0.006+0.001 0.008+0.003 0.032+0.007 0.120+0.014 0.309+0.017 0.602+0.027 0.708+0.016
S. typhimurium
AuNPs 0.043+0.023 0.834+0.046 0.009+0.004 0.009+0.002 0.039+0.017 0.072+0.026 0.306+0.036 0.443+0.048 0.704+0.055 NE
BMNPs 0.056+0.021 0.903+0.041 0.003+0.002 0.006+0.001 0.007+0.003 0.006+0.005 0.031+0.015 0.171+0.062 0.423+0.088 0.719+0.039
K. pneumoniae
AuNPs 0.098+0.033 0.898+0.020 0.006+0.001 0.042+0.011 0.097+0.010 0.168+0.018 0.283+0.020 0.649+0.026 0.815+0.022 NE
BMNPs 0.160+0.028 0.901+0.023 0.004+0.003 0.010+0.002 0.021+0.008 0.093+0.010 0.272+0.025 0.527+0.022 0.707+0.023 NE
E. aerogenes
AuNPs 0.064+0.012 0.824+0.062 0.009+0.001 0.096+0.027 0.230+0.031 0.519+0.038 0.653+0.040 NE NE NE
Table 6. Percentage (%) reduction of gram-negative bacterial growth with respect to NPs concentrations (ug/ml) as per XTT-colorimetric results
Bacteria NPs PC 1000 800 600 400 200 100 50 25
BMNPs 87.78 Cl Cl 95.85 88.59 68.54 41.24 14.63 NE
E. coli
AuNPs 93.91 Cl 97.33 90.74 79.21 49.42 19.89 NE NE
BMNPs 90.56 Cl Cl Cl 96.40 86.51 65.28 32.35 20.44
S. typhimurium
AuNPs 94.84 Cl Cl 95.32 91.36 63.30 46.88 15.58 NE
BMNPs 93.79 Cl Cl Cl Cl 96.56 81.06 53.15 20.37
K. pneumoniae
AuNPs 89.08 Cl 95.32 89.19 81.29 68.48 27.72 9.24 NE
BMNPs 82.24 Cl Cl 97.66 89.67 69.81 41.50 21.53 NE
E. aerogenes
AuNPs 92.23 Cl 88.34 72.08 37.01 20.75 NE NE NE

moniae (95.32%)> E. aerogenes (88.34%). S. typhimurium
(15.58 %) and K. pneumoniae (9.24%) were found to be the
most sensitive gram-negative bacteria which showed inhi-
bition up to the concentration of 50 ug/ml. Whereas, E. coli
(19.89%) and E. aerogenes (20.75%) were calculated to be
the most resistant gram-negative bacteria against AuNPs-
mediated inhibition up to the concentration of 100 pg/ml
and 200 pg/ml respectively.

Discussion

Literature showed that different labs synthesized spherical
AuNPs of various sizes (5-200 nm) using leaf extract of Zingi-
ber officinale (31), Hibiscus rosa sinensis (32), aqueous seed
extract of Abelmoschus esculentus (33), buds of Syzygium
aromaticum (34) etc. Similarly, BMNPs were phytofabricat-
ed in size range of 5-150 nm using different plants such as
leaf extract of Piper betel (35), Plumbago zeylanica (36),
Gloriosa superba (37), Antigonon leptopus (38), Chinese
wolfberry fruit extract (39) and many other plants (8, 40).
Aqueous leaf extract of Triticum aestivum L. contains vari-
ous phytochemicals which have high potential to reduce

pH (10.0+0.2), lower concentration of precursor salts and
high concentration of reducing agent. This is because of the
reason that at the lower concentration of precursor salt, the
diffusion of gold and silver atoms on the surface of the na-
noparticles takes place slowly and directionally. Second,
high pH, temperature and high concentration of reducing
agent help the number of particles with enough energy to
overcome the critical energy barrier and make the reaction
fast (1, 11, 18). The obtained results justify the earlier re-
ports which confirm the influence of standardized reduc-
tion procedure on the production of small size NPs, and
their UV-Visible spectroscopic characteristics like the spec-
tral peaks in the range of 420-495 nm for BMNPs and 520-
540 nm in case of AuNPs (42). In the present study, both
NPs were mostly spherical with some percentage of oval-
shaped nanoparticles and these shapes are best suited for
biomedical applications (43).

The FTIR spectrum of AuNPs showed the absorption

peak at 1021 cm™ which was due to the -C-O- stretching
vibrations of anhydroglucose ring (15, 44-46). Peaks at 1361
(AuNPs) and 1364 cm™ (BMNPs) were ascribed to the
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stretching vibration of =C=0- bond of water-soluble com-
pounds flavonoids or terpenoids (40). Bands at 1216

(BMNPs) and 1222 cm™ (AuNPs) were found to be the char-
acteristics of Amide Ill bands of proteins (39). Peaks at 1706

(AuNPs) cm™ and 1735 (BMNPs) cm™ were ascribed to C-O
stretching vibration of carboxylic acid (-COOH) groups (30,
46, 47). A band at 1420 cm™ (AuNPs) was observed due to
the presence of in-plane bending of C-H (wagging of CH,
and CHs) group (7, 44, 46, 48). Peaks in the range of 3427-
3671 cm (BMNPs) comprises of O-H stretching vibration of
alcohol/phenol group (49). Furthermore, peaks in the range
of 3713-3905 cm* (BMNPs) were attributed to adsorbed
moisture present in synthesized NPs (18). Above-mentioned
functional groups on NPs prevent agglomeration of the
nanoparticles and their stabilization in the aqueous sol-
vent. A band at 952 cm™ (AuNPs) was ascribed to out-of-
plane deformation vibrations of ~-COOH group (39). In the
plant-mediated synthesis of NPs, observation of bands in
the range of 400- 530 cm™ was mainly ascribed to stretching
vibrations of the polyaromatic system and indicated the
success of the reaction and formation of NPs (18, 25, 50,
51). Moreover, presence of multiple bands, especially be-
tween 400-450 cm™ in the FTIR spectra of both NPs, sug-
gests that particle size was significantly varying because of
anisotropy existing in the reaction outcome (52). Overall,
FTIR results demonstrated that proteins, aromatic amines,
reducing sugars and polyphenols were acted as both reduc-
ing and capping agents in phytofabrication and stabiliza-
tion of NPs. Several studies demonstrated that water-
soluble flavonoid, phenolics compounds, alkaloids, pro-
teins and reducing sugars present in plants are accountable
for the formation of NPs and their stabilization in the solu-
tion (18, 25, 38, 41, 53).

Results from previous studies unanimously agreed
on the fact that BMNPs have a more profound bactericidal
effect than that of AuNPs. It was demonstrated that BMNPs
showed ZOl against S. aureus (9.0+0.1 mm), E. coli (15.0+0.2
mm), P. aeruginosa (9.0+0.1 mm) and M. luteus (13.0+0.2
mm) (54). It was also revealed a modulatory bactericidal
effect of BMNPs against S. aureus (7.65+0.28 mm), M. luteus
(8.12+0.4 mm) and S. epidermis (8.0+0.1 mm) (16). Similarly,
it was showed that BMNPs produced profound inhibitory
effect against B. subtilis (14.66+0.57 mm), E. coli (11.0+1.0
mm), S. typhimurium (9.33+1.52 mm) and S. aureus
(13.66+0.57 mm) (55). In some studies, the concentration-
dependent bactericidal effect of BMNPs was demonstrated.
For example, BMNPs exhibited remarkable ZOl against B.
cereus (21.0 mm), E. coli (17.0 mm), B. subtilis (24.0 mm) and
P. aeruginosa (20.0mm) at the concentration of 100 pg/ml
(56). Similarly, reports are on demonstrated the concentra-
tion-dependent significant bactericidal effect against S.
aureus (18.0 mm) and E. coli (20.0 mm) (57). In the present
study, BMNPs showed excellent inhibitory potential against
both kinds of bacteria in a concentration-dependent man-
ner, as discussed in previous sections.

Reports are on the evaluation of MIC values of
BMNPs against bacteria S. aureus and E. coli, and it was
found to be 85 and 95 ug/l respectively (57). It was also ob-

served that there are very low MIC values of BMNPs against
S. aureus (3 ug/ml) and E. coli (6 pug/ml) (46). Whereas,
reports are on the MIC values in the range of 16, 4 and 8ug/
well against A. baumanni, E. coli and S. aureus respec-
tively (36). In the same study, chemically synthesized
BMNPs showed MIC values in the range of 256, 32 and 512
pg/well against A. baumanni, E. coli and S. aureus re-
spectively. It was revealed that the MIC values against E.
coli, P. aeruginosa, E. facaelis and S. aureus in the range
of 25-50uM (15). In the present study, the results revealed
that both MIC and MBC (BMNPs) values were estimated in
the range of 400ug/ml for bacteria K. pneumoniae, 600ug/
ml for bacteria S. typhimurium and S. aureus. In case of S.
pneumoniae, M. luteus, E. coli and E. aerogenes both MIC
and MBC values were found in the range of 800ug/ml and in
case of S. epidermidis values were observed to be 1000 pg/
ml.

In case of AuNPs, it was revealed that bactericidal
activity is not one of the inherent characteristics of AUNPs
owing to their property of being biologically inert. Alt-
hough, in literature, there is an ambiguity with regards to
their antibacterial potential. Importantly, it has been
demonstrated that plant-mediated synthesized AuNPs
showed antibacterial potential against diverse kinds of
pathogenic bacteria, but not the chemically or physically
synthesized AuNPs. It was proposed that these differences
may be due to the presence of biologically active molecules
or functional groups (from plants) on AuNPs, which facili-
tates their proper attachment to the bacterial membrane
and hence improved their antibacterial activity. For exam-
ple, It was demonstrated that phytosynthesized AuNPs at
the concentration of 1.25 mg/ml showed profound inhibi-
tion zone against B. cereus (11.1 mm), S. aureus (11.4 mm),
P. aeruginosa (15.4 mm) and E. coli (14.7 mm) (41). Some
more studies further observed concentration-dependent
bactericidal efficacy of AuNPs. It was also demonstrated
that AuNPs in the concentration range of 50-300 pg/ml ex-
hibited good zone of inhibition against B. subtilis (15.33+
0.57 to 20.01+0.01) and E. coli (12.00+0.57 to 16.66+0.57)
(58). Similarly, AuNPs were observed to exert bactericidal
effect against S. aureus (10.0 to 30.0 mm) and E. coli (16.0 to
25.0 mm) at the concentration of 100-200 pg/ml (50). In the
liquid media, AuNPs (200 pg/ml) reduced the growth of S.
aureus (91.8%) and E. coli (20.0%) (50). It is now almost
clear that the bactericidal effect of AUNPs is strongly corre-
lated with the dose of administration. As shown in our re-
sults, we have also observed the concentration-dependent
(>100 pg/ml) AuNPs inhibitory effect against the experi-
mental bacterial strains.

Hand full of literature is available on AuNPs-
mediated MIC inhibition studies. MIC was found to be 100
pg/l and 105 pg/l against S. aureus and E. coli respectively
(5) and 128, 256 and 8 ug/well against A. baumanni, E. coli
and S. aureus respectively (36). Reports are on the eval-
uation of the MIC values as >182 ug/ml against E. coli and P.
aeruginosa (59), whereas, calculations are on the MIC val-
ues in the range of 12.5 and 25 ug/ml against E. coliand S.
aureus respectively (30). MIC and MBC values of AuNPs were
estimated against all the experimental bacteria in the pre-
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sent study. MIC and MBC values were observed in the range
of 800ug/ml for S. typhimurium, and 1.5mg/ml for S. epider-
midis and M. luteus. For all other remaining bacterial
strains, 1000 pg/ml concentration was recorded as both
MIC and MBC value.

Several studies demonstrated that BMNPs kill bacte-
ria through the reactive oxygen species (ROS)-mediated
killing mechanism (60), whereas, some other studies exhib-
ited that the BMNPs-mediated killing involves the for-
mation of irreparable pores on the bacterial cell membrane
which caused bacterial cell lysis. Recently, it has been pos-
tulated that BMNPs damage actin cytoskeleton protein
“MreB” of bacteria Bacillus subtilis which resulted in fluidi-
zation of inner bacterial membrane and ultimately resulted
in the death of bacterial cells (61). One of the mechanisms
involving the bactericidal effect of AuUNPs showed that first
of all coulomb potential-mediated AuNPs adsorption took
place on the bacterial lipid surface, which resulted in de-
compression of lipid bilayer. Then due to dipole-charge,
phosphocholine on the bacterial membrane changes its
position from inclined to a vertical position which resulted
in irreparable pore formation and death of bacteria (62).
Inside the cell, Ag and Au ions exert their bactericidal effect
by interacting and damaging the sulfur- and phosphorous-
containing cellular components of bacterial cells (15, 63).
BMNPs have both metals i.e. silver and gold, and this is ob-
vious that the bactericidal effect of BMNPs is a synergistic
outcome of antibacterial potential of both the metals. Over-
all, the bactericidal effect of both AuNPs and BMNPs de-
pends on several factors like size, shape, dose-
concentrations, diffusivity, stability, releasing of ions in the
solution from NPs surface, functional groups immobilized
on NPs and type of experimental bacterial strains.

Currently, humankind is living in a low-efficacy and
resistant era of antibiotics which pose a survival threat to
humanity. As per the report of CDC (Centers for Disease
Control and Prevention), if this menace of resistance in mi-
crobes is not prevented, then it could be responsible for
more than 10 million deaths and loss of 100 trillion dollars
(USD) worldwide by the year 2050 (64). Therefore, microbi-
ologists are involved in isolation and designing of new
effective antibacterial compounds alone or in conjugation
with antibiotics or other effective molecules to combat
pathogenic and life-threatening bacterial infections. Phyto-
synthesized AuNPs and BMNPs appear as a potential an-
swer to this problem. In the case of AuNPs, their well-
tunable SPR effect and photothermal property make them
an excellent candidate to fight against bacterial infections.
On the other hand, in case of bimetallic Ag/Au alloy NPs, it
is possible to vary their individual metallic compositions
systematically and to produce different kind of shapes (e.g.
sharp edges or protrusions), and sizes which have profound
antibacterial activity as well as have excellent biocompati-
bility towards human cells and tissues (6).

Conclusion

Phytosynthesis of AuNPs and Ag-Au BMNPs deserve invalu-
able merit due to its highly reproducible, sustainable, bio-
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compatible and easy to scale up potentials. In the present
study, crop plant Triticum aestivum leaves were used to
fabricate AuNPs and BMNPs and were evaluated for their
bactericidal potential. As discussed in the introduction,
there remains ambiguity regarding the bactericidal effect of
both AuNPs and BMNPs (Ag-Au NPs) in literature. Our study
demonstrated that phytosynthesized AuNPs have their own
bactericidal efficiency, but at higher concentrations (dose-
dependent) and also found to be different for different bac-
terial strains. Furthermore, as size and shape of both NPs
are in the same range, and also the functional groups on
both the NPs are similar, we, on the basis of bactericidal
results, can conclude that antibacterial potential of Ag-Au
BMNPs was due to the synergistic effect of both ingredient
metals i.e. Ag and Au. These NPs can be easily manipulated
on their functional groups to improve their specificity, sen-
sitivity and functionality through surface modifications like
addition, immobilization or conjugation with specific lig-
ands as per laboratory requirements. Moreover, this eco-
friendly, highly reproducible and environment benign fabri-
cation method is crop-plant based, which remains an inex-
haustible resource as compared to other plant species.
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